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Abstract 
 
The work in this thesis focuses on the development of diode pumped solid state (DPSS) lasers, 
constructed using the bounce amplifier geometry.  The bounce amplifier geometry employs a simple 
side pumping scheme using diode bars and stacks, leading to an efficient and compact system.  The 
laser mode is total internally reflected at the pump surface, spatially averaging gain and thermal 
non-uniformities giving potential for excellent beam quality from these systems.  In this thesis, novel 
pulsed laser sources based on the 1µm transition of the Nd3+ ion and the 3µm transition of the Er3+ 
ion are developed, and investigated both experimentally and numerically.   
An acousto-optically Q-switched Nd:YVO4 laser operating at 1064nm with ultra-high gain (~10
5) is 
developed, and using a novel pulse control technique is demonstrated to provide better 
performance and greater flexibility of the pulsing parameters.  Pulsed lasers are useful for many 
applications, including industrially in laser micromachining and laser marking, where having greater 
control of laser parameters (e.g. pulse repetition rate, pulse duration and pulse energy) enhances 
the usefulness of the laser significantly.  A problem associated with Q-switching of a high-gain laser 
system is the difficulty in obtaining clean, single pulse operation from very high (~1MHz) to low 
(~1kHz) repetition rates. The pulse control technique demonstrated for the first time in this work 
addresses this issue.  The technique uses a secondary laser cavity to control the gain of a primary 
laser cavity.  Prior to implementation of the technique, laser breakthrough occurred at low 
repetition rates due to the excessive gain and single pulsed operation was not possible below 
150kHz.  Using the pulse control technique, single pulsed operation was obtained from 800kHz down 
to 1kHz, with good beam quality across the range, as well as the ability for pulse energy control 
demonstrated. 
The development of 3μm laser sources, using Er3+ doped materials is presented. Lasers operating at 
3µm are useful directly in applications in medicine and dentistry due to being near the peak of water 
absorption, as well as indirectly as pump sources for optical parametric generation for production of 
tuneable mid-IR radiation for spectroscopy, security and defence, and remote sensing applications.  
In this work, a comparison of the Er:YAG and Er:YSGG laser materials operating at the 3µm transition 
is undertaken showing superior performance from the less commonly used Er:YSGG material.  
Different cavity designs are subsequently investigated using the Er:YSGG laser material and an 
electro-optically Q-switched Er:YSGG laser at 3µm is developed.  Numerical modelling of the erbium 
laser is presented providing greater understanding of laser operation in this complex laser system. 
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Chapter 1 
1. Introduction 
 
 
1.1 Background 
 
Since the first demonstration of laser operation in May 1960 the laser has become ubiquitous, 
underpinning a vast range of important technologies and improving the effectiveness of many others 
[1].  It was quickly recognised, for example, that the laser could be an invaluable tool in medicine [2, 
3].  The use of lasers in surgery has proven to be highly effective, with advantages over conventional 
methods, such as less blood loss and more accurate removal of unwanted tissue [2].  Here the highly 
monochromatic nature of laser light enables targeting of specific tissue and low divergence of the 
beam ensures complete delivery to the required area.  Additionally, the ability to focus high power 
sources to small spot sizes makes ablation of tissue and precision surgery possible [3].  Another 
sector in which the laser has played an important role is in industrial manufacturing.  An example of 
this is in the automotive industry where lasers are widely used for cutting and welding [4].  This is 
due to the significant advantages offered by lasers over conventional methods, including increased 
processing speed, enhanced flexibility of the source and greater ease of automation using computer 
control [5].  These examples of the usefulness of the laser are in fact just the tip of the iceberg.  
Other application areas include, but are not limited to, display technology, communications, security 
and defence, and the many corners of scientific research [6, 7].   
The first ever laser was a flashlamp pumped Ruby (Cr3+:Al2O3) system developed by Theodore 
Maiman at Hughes Research Laboratories in California [1].  Since then, many different laser 
materials and configurations have been investigated, driven by application requirements be it in 
terms of laser wavelength, mode of operation (pulsed or CW), output power or laser footprint.  The 
work in this thesis focuses on the development of pulsed diode pumped solid state (DPSS) laser 
sources, based on a laser configuration known as the bounce amplifier geometry.  The remainder of 
this chapter provides an overview of DPSS laser technology, including the different laser materials 
(host and dopant), and amplifier geometries (e.g. rod, slab (including the bounce amplifier 
geometry), disk, fibre) which are utilised.  Techniques for obtaining pulsed laser operation are also 
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presented with particular attention given to Q-switching, as this is the method used throughout this 
work.   
 
1.2 Diode pumped solid state lasers 
 
In solid state lasers the active medium is based on a solid glass or crystalline host material [8].  A 
dopant, which can be either a rare earth or transition metal ion, is added to the host material and 
acts as the active component through which laser action can be obtained [9].  These materials are 
optically pumped using either lamp pumping or laser diode pumping.  The traditional method of 
pumping, as used in Maiman’s first Ruby laser, is lamp pumping where either a flashlamp (for pulsed 
pumping) or an arc lamp (for CW pumping) is used [10].  The primary advantages of lamp pumping 
are that it can offer very high pump powers and is a robust technology.  However, the inefficient 
conversion of pump to laser radiation with this method can be a serious problem [11].  The second 
potential pumping method uses a laser diode as the pump source.  Laser diodes are semiconductor 
lasers in which the active medium is a p-n (or p-i-n) junction and gain is achieved through electrical 
pumping [12].  Although these could technically be grouped with solid-state lasers, they are 
generally considered in a separate category [8].  In these devices the recombination of electrons and 
holes produces stimulated emission and the wavelength is determined by the band gap of the 
semiconductor material.  The development of reliable diode laser technology has driven the use of 
diode pumping in solid state laser systems as an alternative to lamp pumping.  Diode pumping offers 
advantages over lamp pumping in terms of efficiency, thermal issues, compactness and lifetime and 
is the pump method used throughout the work in this thesis [13].   
The first diode pumped solid state laser was demonstrated by Keyes and Quist in 1964, shortly after 
the development of the first diode laser which was constructed of the GaAs semiconductor material 
[11].  The active medium was CaF2:U
3+ operating at a laser transition of 2.613μm and this was 
pumped using five GaAs laser diodes at 840nm.  This work demonstrated the potential for building 
highly efficient laser systems using diode pumping, with the authors noting that lasers based on the 
trivalent rare earth ion, Nd3+, could benefit from this pump scheme [11].  This was based on the 
strong absorption properties of this ion at the GaAs diode emission wavelength [11, 13].  Interest 
therefore rapidly shifted to diode pumped solid state lasers using Nd3+ as the active ion, which is still 
widely used in DPSS laser systems today.  However, with the continued development of diode laser 
technology and solid state laser materials, this now sits alongside an array of other laser active ions 
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which have also achieved success in DPSS lasers.  In the following sections, a discussion of these 
laser active ions and the various host materials into which they are doped is presented.    
 
1.3 Solid state host materials 
 
As the basis of the laser medium, the choice of host material is important.  For a solid state host 
material to be effective, it must possess appropriately favourable thermal, mechanical and optical 
qualities to withstand laser operation without suffering excessive stress or degradation [14].  Some 
desirable properties include a low refractive index variation with temperature (dn/dT), a high 
thermal conductivity, chemical inertness, hardness and ease of fabrication.  
A well known material which fulfils these criteria is crystalline sapphire (Al2O3).  This was the host in 
the first working laser (Ruby) and falls into a class of materials called the oxides.  Sapphire is 
mechanically hard with a high thermal conductivity and low dn/dT.  It is also chemically stable and 
can be grown to a very high quality using the Czochralski method, which is a highly developed crystal 
growth technique [14].  In addition to this, sapphire can be easily doped with transition metal ions 
through substitution of the Al ion (unfortunately this is not true for rare-earth ions which do not 
match the size of the Al site and hence cannot be incorporated into this host).  Another important 
class of oxide hosts are the synthetic garnets.  These materials are stable, hard, optically isotropic 
and have high thermal conductivities helping them to handle high average power levels [14].  
Probably the most well known of the garnets is YAG (yttrium aluminium garnet, Y3Al5O12) which 
forms the basis of the solid state laser material Nd:YAG.  The Nd:YAG laser running on its main 
transition at 1064nm is used widely due to its combination of excellent material parameters, finding 
applications in fields as diverse as dentistry, material processing and laser rangefinding  [14-18].  
Another common dopant for YAG is the trivalent erbium ion Er3+.  The solid state Er:YAG laser has 
two common operating wavelengths, ~1.6μm and ~3μm [19, 20].  With low doping concentrations 
Er:YAG operates at ~1.6μm and is considered to be an eyesafe source [21]. This laser finds use in 
various remote sensing applications including measurement of wind field velocities and methane 
absorption LIDAR (Light Detection and Ranging) [21, 22].  Er3+-doped silica fibre lasers operating at a 
wavelength of 1.55μm have been extensively studied and are of great importance in communication 
systems.  In fact, the most important use of Er3+-doped silica fibres in the area of communications is 
as the central component in optical amplifiers.  These erbium-doped fibre amplifiers (EDFAs) find 
applications as repeaters, power amplifiers, preamplifiers and distributed amplifiers [23].  
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Highly doped Er:YAG generates a laser wavelength ~3μm, coinciding with a strong peak in water 
absorption [24].  This finds these solid state systems many potential applications in medicine and 
dentistry [25].  Two popular alternatives to the YAG material are YLF (yttrium lithium fluoride, YLiF4) 
and YVO4 (yttrium vanadate) [14].  As a host for the Nd ion, the YLF material can offer reduced 
thermal lensing and improved energy storage, alongside similar emission wavelengths (1047nm and 
1053nm) [14, 26].  However, a major disadvantage of YLF is that it is considerably softer and more 
brittle than YAG making risk of crystal fracture more likely [27].  The yttrium vanadate host material 
is particularly useful in diode pumped solid state laser systems [28].  Despite having poorer thermal 
conductivity compared to YAG, YVO4 has a higher absorption coefficient at 808nm for diode 
pumping and a broad absorption peak allowing the wavelength of the pump diode to drift slightly 
without significant changes in pump absorption occurring.  Vanadate crystals are also naturally 
birefringent, which eliminates thermally induced depolarisation loss in high power lasers and results 
in polarised laser emission [29].  A further advantage of Nd:YVO4 is its high stimulated emission cross 
section resulting in high small signal gains and conversion efficiency [28, 30].  Examples of less 
common, but still useful, garnet hosts are YSGG (yttrium scandium gallium garnet, Y3Sc2Ga3O12), 
GSGG (gadolinium scandium aluminium garnet, Gd3Sc2Al3O12) and GGG (gadolinium gallium garnet, 
Gd3Ga5O12).  Despite a smaller emission cross-section than Nd:YAG, the GSGG host material found 
some popularity as a host for Nd3+ in lamp pumped Q-switched systems.  Co-doping with chromium 
led to good absorption of the pump radiation and the longer upper state lifetime compared to 
Nd:YAG gave enhanced Q-switching performance from Cr,Nd:GSGG [31].  Various dopant ions have 
been added to the YSGG material for laser action, including Nd3+ [32].  Perhaps the most useful 
combination, however, is obtained through doping of the trivalent erbium ion.  As with Er:YAG, the 
highly doped Er:YSGG laser generates radiation ~3μm and is particularly suitable in biological 
applications where the strong absorption by water at this wavelength can be exploited.  
The hosts discussed so far have all been monocrystalline, or single crystal, materials.  Development 
of these has been ongoing since the advent of the laser and much is known about their properties 
and usefulness in different types of laser system.  Another class of crystalline materials which have 
emerged recently as promising laser hosts are the ceramics.  These are polycrystalline materials with 
small crystal domains which hold some advantages over their single crystal cousins [33, 34].   The 
most important of these is the ability to fabricate extremely large crystals useful for high power 
applications [35].  However, the potential for high scattering losses from grain boundaries and lattice 
imperfections in ceramic materials can be problematic and limit the output from these systems [35]. 
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Another successful group of laser hosts are glass materials.  These can be fabricated with relative 
ease and to large sizes, giving them some advantage over monocrystalline materials [14].  In high 
energy applications this ability to produce large rod sizes is particularly useful, allowing the energy 
density to be kept at appropriate levels and damage to be avoided [14].  A drawback of glass is its 
lower thermal conductivity compared with most crystalline materials, which can potentially result in 
detrimental thermally induced birefringence. 
 
1.4 Active ions   
 
Although the choice of a suitable laser host material is clearly important, it is the active (dopant) ion 
that defines some of the most basic characteristics of a laser.  The active ion predominantly 
determines spectroscopic properties of the laser medium such as the energy level structure, laser 
level lifetimes and transition cross-sections.  There are two groups of elements which are 
appropriate for use as solid state laser dopants, namely the rare earth elements and the transition 
metal elements.  These will be discussed separately in the following sections.  
 
1.4.1 Rare earth ions 
 
The rare earth ions make excellent candidates for solid state laser doping, possessing sharp 
fluorescence lines across the visible and near-IR part of the electromagnetic spectrum [14].  These 
are usually doped into solid materials in their trivalent or divalent forms, and common examples are 
Nd3+, Er3+, Yb3+, Tm3+, Ho3+ and Pr3+.  The most widely used of these is the Nd3+ ion.  As mentioned in 
section 1.3, lasers based on Nd3+ are generally operated at a wavelength of 1064nm as this transition 
has the strongest emission cross section.  However, transitions centred around 0.9μm and 1.35μm 
are possible if the 1064nm line is suppressed.  The Er3+ ion has also already been discussed in section 
1.3, where it was noted that two different wavelength transitions (~1.6μm and ~3μm) are generated 
through use of different doping concentrations.  The Yb3+ ion also operates around 1μm (1.0-1.1μm), 
but unlike Nd3+ which is a four level laser system, this operates as a quasi-three level laser.  These 
lasers therefore have the potential to operate with high efficiencies, owing to a small quantum 
defect and reduced thermal effects [36].  However, due to the significant thermal population which 
is present in the lower level of these lasers, operation requires high pump intensities [36].  Doping 
with Tm3+ and Ho3+ ions allows another spectral region, around 2μm, to be reached.  Lasers using 
these active ions also operate as quasi-three level systems at this wavelength.  Of the two, Tm3+ 
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lasers have the advantage that they can be pumped using readily available laser diodes around 
800nm.  Ho3+ lasers, however, must be pumped at 1.9μm or co-doped with Tm3+ so that an energy 
transfer process (cross-relaxation) can populate the upper laser level of the 2μm Ho3+ transition.  
The visible spectral region can be reached through use of the Pr3+ ion which can generate blue, 
green, orange, red and deep red wavelengths without the use of nonlinear frequency conversion 
techniques which add complexity and bulk to a laser system [37].   
 
1.4.2 Transition metal ions 
 
The second important class of laser dopants are the transition metal ions.  These commonly have 
broad absorption and transmission bandwidths, falling into a category of lasers which are termed as 
being “vibronic” *1+.  In vibronic lasers, the stimulated emission of photons is coupled to the 
emission of phonons (lattice vibrations) meaning that phonons are emitted or absorbed 
simultaneously with the electronic transition [7].  Therefore although the total energy of the lasing 
transition is fixed, it can be distributed continuously between the photons and phonons allowing for 
a broadly tunable laser source.  Perhaps the most important and well known vibronic laser based on 
a transition metal dopant is the Ti:sapphire laser (Ti3+:Al2O3).  This has been the topic of extensive 
research since laser action was first reported in this material [1].  Not only does its large gain 
bandwidth open up the potential for ultrashort pulse generation with duration of just a few 
femtoseconds, its tunability range is also extremely wide, spanning 660-1180nm [1,2]. This ability for 
broad continuous tuning finds Ti:sapphire use in a multitude of application areas including in LIDAR 
systems and atmospheric spectroscopy [5]. Despite this, the inability to produce compact Ti:sapphire 
lasers prevents its use in some potential applications. The difficulty arises from its absorption 
spectrum which, although broad, is relatively weak with its peak at 490nm meaning that a high 
brightness blue-green pump source is required [6].  Hence Ti:sapphire lasers are typically pumped 
using multiwatt argon-ion or frequency-doubled neodymium lasers resulting in the system being 
bulky.   This has led to interest in a class of lasers based on the transition metal ion Cr3+ which are 
also tunable, albeit with a narrower range than Ti:sapphire, and have the added advantage that their 
absorption bands are red shifted [2]. This makes them suitable candidates for pumping by low-cost 
red laser diodes, which have undergone drastic improvements in power and reliability over the last 
few years [2].   These lasers include Cr3+:BeAl2O3 (commonly known as Alexandrite) and three lasers 
from the colquiriite family; Cr3+:LiSrAlF6 (Cr:LiSAF), Cr
3+:LiCaAlF6 (Cr:LiCAF) and Cr
3+:LiSrGaF6 
(Cr:LiSGaF).  They have tuning ranges falling between ~0.7-1μm for the fundamental wavelength 
meaning frequency doubling/tripling could take these lasers to the deep UV opening up further 
18 
 
application opportunities.  Another laser of note based on a transition metal dopant is of course 
Ruby.  The ruby laser is not vibronic however, instead operating as a three-level laser with laser 
action occurring on the R-line to produce 694.3nm radiation.       
 
1.5 Diode pumped solid state laser geometries 
 
So far, the potential laser materials (hosts and dopants) and methods of pumping (lamp or diode) in 
a DPSS laser have been discussed.  The final consideration is how to bring these elements together 
to produce a successful laser system.  For this, the implementation of an appropriate laser geometry 
is key.  In the following sections, the various DPSS laser geometries are described and the primary 
benefits of each are considered.   
There are essentially two types of pump geometry that can be utilised in DPSS lasers; longitudinal 
and transverse.  These are shown in figure 1.1 where the two pumping methods are implemented in 
a rod laser set-up.  In longitudinal, or end, pumping (figure 1.1(a)) the pump beam enters the laser 
crystal along the resonator axis.  End-pumped configurations offer the potential to achieve very high 
efficiency due to good spatial overlap of the pump and laser modes.  However power scaling is 
difficult in this scenario due to the small pump area leading to higher likelihood of thermal fracture.  
In transverse, or side, pumping (figure 1.1(b)) the pump beam enters the laser crystal perpendicular 
to the resonator axis.  These systems allow for better power scaling due to spread of the pump beam 
over a larger area.  However, side pumping schemes are susceptible to thermal lensing problems 
due to transverse temperature gradients [38].  
 
1.5.1 Rod geometry 
 
The most common solid state laser geometry is the rod geometry.  This makes use of a cylindrical, or 
sometimes rectangular, rod shaped laser crystal [39].  These lasers initially employed lamp pumping, 
but diode pumping can also be implemented successfully.  Figure 1.1 shows the general set-up for 
both a diode end pumped and diode side pumped rod laser.  In the end pumped configuration 
(figure 1.1(a)) the diode radiation is delivered to the end face through fibre coupling or other beam 
shaping methods.  In this scenario, laser output with excellent spatial quality can be attained if the 
pump radiation profile through the laser rod matches with that of the TEM00 laser mode.   
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Figure 1.1: The rod laser geometry employing (a) end pumping and (b) side pumping. 
 
Additionally water cooling of the large outer area of the rod is simple and efficient.  The major 
downside of this configuration, as has already been noted, is that the pump radiation is delivered to 
a relatively small volume.  This increases thermal effects and limits power scaling in these systems.  
In the side pumped configuration (figure 1.1(b)) the laser rod is pumped via the large cylindrical 
surface.  As the pump is deposited into a larger volume of material, the pump intensity is lower in 
these systems and they show better potential for power scaling.  Additionally, heat removal can be 
more efficient as the pump radiation is deposited close to the cooled surface.  However, as the gain 
medium is pumped along the same surface from which heat must be removed, cooling of the crystal 
is somewhat less straight forward.  Other disadvantages of this scheme are poor spatial quality and 
low efficiency due to poor overlap of the pump and laser beams.  In both side and end pumped laser 
rods the heat removal is perpendicular to the beam axis.  This makes rod lasers susceptible to radial 
temperature gradients, causing thermal lensing and depolarisation due to stress induced 
birefringence [38].   
 
1.5.2 Slab geometry 
 
Some of the problems inherent to the rod laser can be overcome by using a slab laser geometry [38].  
Figure 1.2 shows two different configurations of the slab laser geometry, both employing diode side 
pumping.  In the zig-zag geometry shown in figure 1.2(a), the laser mode enters and exits the crystal 
via Brewster cut facets and undergoes a number of total internal reflections (TIRs) at the edges of 
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the laser slab while propagating through the laser medium.  The zig-zag acts to spatially average 
both thermal and gain non-uniformities in the plane of the zig-zag.  This results in a significant 
reduction in thermal lensing and stress induced birefringence [40].   
 
 
Figure 1.2: Slab laser geometries. (a) zig zag and (b) bounce geometry. 
 
The bounce geometry is a variation on the zig-zag in which a single TIR takes place from the slab 
pump face.  The general set-up for this scheme is shown in figure 1.2(b).  In this configuration, a 
grazing incidence TIR is employed to keep the laser mode close to the pump face where the area of 
highest inversion is found.  This allows very high gains of up to 105 (single pass) to be achieved from 
bounce geometry lasers.  As with the zig-zag geometry, the bounce provides spatial averaging of gain 
and thermal non-uniformities enabling laser output with excellent spatial quality to be achieved.    
 
1.5.3 Thin disk geometry 
 
Thin disk lasers are constructed using a very thin (~100μm) layer of active material typically with 
diameters on the order of millimetres up to centimetres.  A schematic of a thin disk laser is shown in 
figure 1.3.   
OC
Diode 
Pumping
HR
slab
Diode 
Pumping
OCHR
Diode 
Pumping
(a) (b)
21 
 
 
Figure 1.3: Schematic of a thin disk laser. 
 
In this scheme, one face of the thin disk material is HR coated for the pump and laser wavelength 
(the other is AR coated for both these wavelengths) and acts as the back mirror of the laser cavity.  A 
mirror which is partially reflective at the laser wavelength is placed some distance away and forms 
the output coupler of the laser.  Cooling is achieved via the HR coated face which is in contact 
typically with a copper or diamond water cooled heat sink.  Heat removal from the gain medium is 
highly efficient and heat flow is almost one dimensional along the optical axis of the laser mode [39].  
This gives these systems great potential for power scalability.   
 
1.5.4 Fibre geometry 
 
In a fibre laser, the gain medium is an optical fibre consisting of a core doped with an active ion 
which is surrounded by a cladding layer with a slightly lower refractive index [39].  The general set-
up for a fibre laser is shown in figure 1.4.   
 
 
Figure 1.4: Schematic of a fibre laser. 
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Pump light is launched into the fibre core and is guided along the fibre by TIRs at the core/cladding 
interface.  The laser radiation is guided in the same way.  A laser cavity can be formed using fibre 
bragg gratings written into the ends of the fibre core.  These act as wavelength dependent reflectors 
and are created by introducing a periodic variation of refractive index into the fibre core.   
In conventional single-clad fibres, in which the core is surrounded by a single cladding layer, the 
pump and laser radiation are confined to the core throughout the fibre [39].  Although these lasers 
generate diffraction limited beams, output powers are limited to a few watts [39].    This is because 
these fibres must be pumped using (low power) single mode diode lasers possessing the required 
beam parameters.  For high power output, a double-clad fibre structure is employed in which the 
doped core is surrounded by two cladding layers [39, 41].  In these fibres, the laser mode is still 
guided by the core allowing good beam quality to be maintained, but the pump is able to propagate 
in the inner cladding layer.  As the area of the inner cladding is significantly greater than the core, 
the restriction on pump beam parameters is lifted and high power pump diodes with poorer beam 
quality can be used.  Additionally, side pumping using high power diodes can be implemented in 
double-clad fibre systems [41].  This fibre architecture has allowed high CW output powers to be 
achieved with diffraction limited beam quality.  As an example, Ytterbium-doped fibre-based lasers 
(YDFLs) can deliver single mode CW output powers of ~10kW at 1060nm [42, 43]. 
Fibre lasers offer a number of advantages over other sources.  The large surface area to volume ratio 
of fibres allows for highly efficient cooling and therefore the ability to support very high continuous 
wave output powers in the kilowatt range [39, 44].  Another benefit of fibre set-ups is that the 
thermal load can be distributed over the considerable fibre length, minimising thermal distortion of 
the laser beam.  Moreover, thermal problems which may occur are eliminated by the waveguiding 
effect which propagates the beam through the fibre.  The primary weakness of fibre lasers comes 
from their inability to handle high peak powers.  This is caused by the onset of detrimental nonlinear 
effects (e.g. self phase modulation, raman scattering) and optically induced damage, and limits 
pulsed operation of fibre lasers.   
 
1.6 Pulsed laser operation  
 
The ability of a laser to operate in a pulsed mode of operation opens the door to many further 
application areas than would be possible with CW output alone.  This is usually down to the high 
peak powers of pulsed lasers enabling or enhancing the success of some process.  There are a variety 
23 
 
of techniques for achieving pulsed laser output, with the suitability of each dependent on the 
specific requirements for the laser in terms of repetition rate, pulse energy and pulse duration.   
 
1.6.1 Q-switching 
 
A popular method for generating laser pulses is Q-switching.  This technique can achieve repetition 
rates from a few Hz up to ~1MHz with pulses usually in the ns range.  In Q-switching the quality 
factor of the laser cavity, Q, which is defined as the ratio of the energy stored in the cavity to the 
energy loss per cycle, is modulated to produce pulsing.  For this, a loss modulation element 
providing a controllable loss is introduced into the resonator.  This is used to first lower the cavity Q 
(to zero in an ideal situation) so that laser action is inhibited and a population inversion can build in 
the laser crystal to a level far exceeding laser threshold.  The losses are then rapidly switched to their 
lowest value and a high cavity Q is restored.  This enables the stored energy to be released in the 
form of a pulse.   
Q-switching can be achieved by either active or passive means.  In passive Q-switching the loss 
element is a saturable absorber such as Cr4+:YAG (used commonly for passive Q-switching of 1μm 
YAG lasers) [14].  A saturable absorber is a material which absorbs until a threshold is reached, 
beyond which point the material is bleached and becomes transmitting.  Initially the saturable 
absorber introduces high losses into the laser cavity allowing inversion to build in the gain medium.  
As the energy increases, the saturable absorber becomes saturated and the losses are reduced.  This 
allows laser action to occur and a Q-switched pulse to be produced.  Active Q-switching uses an 
active control element to modulate the losses, and is the method used in the experimental work 
presented in this thesis to produce pulsed laser operation.  
Figure 1.5 shows the evolution of the resonator losses γ(t), the population inversion N(t) and the 
photon number φ(t) for a continuously pumped, repetitively Q-switched laser [45].   
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Figure 1.5: Evolution of the cavity losses γ(t), population inversion N(t) and photon number φ(t)  for a 
continuously pumped, repetitively Q-switched laser [45]. 
 
In active Q-switching, the active control element modulates the resonator losses periodically 
between a high and a low value.  The high loss level must be sufficient to inhibit lasing and allow the 
population inversion to build to its maximum value, Ni , just before the losses are switched (as shown 
in the inversion graph in figure 1.5).  For the case of fast Q-switching it is assumed the losses are 
switched instantaneously, producing the square wave shown in the resonator loss graph in figure 
1.5.  At this new low loss level lasing can occur and the stored energy is released in a Q-switched 
pulse bringing the inversion down to its minimum value, Nf.  In repetitive Q-switching the losses are 
then switched back to their high value and pumping restores the inversion to its initial level, Ni , in 
preparation for the next Q-switching event.  This process results in a pulse train such as that shown 
in the graph showing evolution of the photon number in figure 1.5.  The time between two Q-
switched pulses, labelled τp , should be equal or less than the upper laser level lifetime [45].  
Pumping for longer than this gives little or no benefit as past this time spontaneous decay begins to 
deplete the inversion [45].    
In active Q-switching the control element is typically an acousto-optic or electro-optic modulator.  
Figure 1.6 shows how an acousto-optic Q-switching element works.   
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Figure 1.6: An acousto-optic Q-switch set-up with a propagating laser beam. 
 
The Q-switch consists of a block of transparent material attached to a piezoelectric transducer.  The 
material of this block depends on the wavelength of the laser, with fused Quartz commonly used for 
the visible to near-IR spectral region and germanium or cadmium selenide for the mid- to far-IR.  
When this is driven by an RF generator, it produces an acoustic wave which propagates through the 
crystal and creates a travelling periodic refractive index grating.  When positioned correctly in a laser 
cavity, this can cause the incoming beam (represented by the red arrow in figure 1.6) to experience 
Bragg reflection at the grating and be diffracted.  In this way, the cavity alignment is ruined allowing 
for the required population build up to occur.  When the acoustic wave is then switched off, the 
laser cavity is once again aligned and a Q-switched pulse is released.   
In electro-optic Q-switching, the electro-optic effect is exploited to produce pulsing.  The electro-
optic effect is the modification of the refractive index of a material caused by the application of an 
external electric field [14].  To see how this effect can achieve Q-switching it is helpful to consider an 
example.  Figure 1.7 shows a common electro-optic set-up using a polariser and a Pockels cell to 
induce Q-switching. 
   
 
Figure 1.7: Electro-optic Q-switching set-up using a polariser and Pockels cell to attain pulsing. 
 
The Pockels cell consists of a nonlinear crystal with electrodes attached to it across which a DC 
voltage can be applied.  The nonlinear crystal exhibits the linear electro-optic effect where the 
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refractive index change is proportional to the electric field strength (known as the Pockels effect).  In 
figure 1.7, a linearly polarised beam enters the Pockels cell from the left.  With appropriate voltage 
choice a polarisation rotation of 90° can be applied to the beam after the double pass.  Therefore 
when the beam is again incident on the polariser it is reflected from the cavity.  This inhibits lasing 
and allows population inversion to build up.  A Q-switched pulse can then be released when the 
voltage is switched off. 
 
1.6.2 Mode-locking 
 
Another common method for generating laser pulses is mode-locking.  This technique can achieve 
much shorter pulses than produced in Q-switching, where there is a required build up time which 
limits pulse durations to ~10ns [14].  Through mode-locking, ultrashort pulses of picosecond (10-12s) 
duration, or even into the femtosecond (10-15s) regime, can be attained.  The idea behind mode-
locking can be understood as follows.  In a free-running laser, all cavity modes in the frequency 
region where the gain exceeds the losses will oscillate, independently of each other and with 
random phases.  In a mode-locked laser, the oscillating modes are forced to maintain a fixed phase 
relationship with each other [14].  This results in a train of mode-locked pulses with a repetition 
period equal to the cavity roundtrip time.  As with Q-switching, methods for obtaining mode-locking 
can be categorised as being either passive or active. 
In passive mode-locking, pulses are generated using some intra-cavity element which does not 
require an external driving signal.  Passive mode-locking can generate shorter pulses than with active 
mode-locking, as it is not limited by the speed of an electronic signal.  As in passive Q-switching, a 
common method of obtaining passive mode-locking is through use of a saturable absorber in the 
laser cavity.  This method makes use of fluctuations in laser power to produce pulsing.  As the 
absorption of the saturable absorber decreases with increasing light intensity, higher intensity 
fluctuations are favourably allowed to resonate whilst the lower intensity light is damped.  After 
many cavity roundtrips, this generates a single pulse which has been attenuated the least and grown 
more rapidly than other pulses due to its higher intensity.  If the recovery time of the saturable 
absorber is much shorter than the pulse duration then it is known as a fast saturable absorber.  
Another method of passive mode-locking which has generated pulses as short as 5fs is Kerr lens 
mode-locking (KLM).   KLM is based on the generation of an artificial fast saturable absorber effect 
due to the self-focusing that occurs inside the laser crystal for subpicosecond pulses [46].  This relies 
on the optical kerr effect, in which the refractive index of a medium is dependent on the optical field 
strength.  
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Figure 1.8:  Illustration of Kerr lens mode-locking (KLM). 
 
For a gaussian beam, which has a varying intensity across its profile, this can lead to self focusing 
which will be different for pulsed and cw light as shown in figure 1.8.  An aperture placed at the 
correct location in the cavity can lead to higher intensity pulsed beams experiencing lower loss as 
they are more strongly focused through the aperture, favouring pulsed laser operation over CW. 
 
1.6.3 Cavity dumping 
 
Another method for laser pulse generation is cavity dumping.  This technique can be combined with 
Q-switching and/or mode-locking, and produces pulses whose duration are primarily determined by 
the resonator length [14].  Cavity dumping involves allowing an intense pulse to build in the 
resonator by keeping the cavity losses as low as possible, and then extracting all the energy in 
approximately one cavity round trip time.  This can be achieved by using, for example, a Pockels cell 
which acts as a kind of optical switch.  
 
1.7 Thesis outline 
 
Chapter 2 provides a detailed introduction to the laser configuration used throughout the work in 
this thesis; the bounce amplifier geometry.  The various issues which affect the performance of 
these lasers are considered, including an overview of the mechanisms which generate heat in these 
systems, a theoretical description of thermal lensing and a discussion on laser cavity stability.  The 
Nd:YVO4 laser material is also introduced in more detail in this chapter and experimental results 
from a compact symmetric and extended asymmetric diode pumped 1.1%Nd:YVO4 bounce geometry 
laser are presented.  
Kerr medium
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In chapter 3, the Nd:YVO4 laser presented in chapter 2 is developed further.  Q-switching of the 
system is obtained and a method for obtaining enhanced control of the pulsing parameters from this 
laser is presented and implemented. The pulse control technique allows the gain of the Q-switched 
Nd:YVO4 laser to be controlled such that it can produce clean single pulse operation at low repetition 
rates, as well as at high repetition rates.  Other benefits of this method are also described, including 
a more consistent temperature distribution across repetition rates resulting in less changeable 
spatial quality of the beam and the ability to control the pulse energy at a given repetition rate.  
Finally, numerical modelling of the laser system with the pulse control technique is undertaken.   
Chapter 4 provides an introduction to the experimental work presented in the rest of the thesis.  
This concerns DPSS lasers based on the Er3+ ion operating at the 3μm transition.  In this chapter an 
overview of mid-IR laser technology is given to help put the work into context.  The energy level 
scheme for the trivalent erbium ion is presented and the various peculiarities of the system 
described.  These include a lower laser level with a longer lifetime than the upper laser level, and 
numerous energy transfer processes which come into play at the high dopant levels that these 
systems operate with.  Finally a comparison of the thermal, mechanical and spectroscopic properties 
of the two erbium doped laser crystals Er:YSGG and Er:YAG, on which the experimental work is 
based, is presented. 
Chapter 5 is the first of two experimental chapters concerning 3μm Er3+ lasers.  In this chapter a 
diode pumped 50at.% Er:YSGG laser and a 50at.% Er:YAG laser, both constructed in the bounce 
geometry and operating in free running mode, is presented.  A comparative study is made of these 
two lasers in a compact cavity set-up, showing superior performance from the Er:YSGG system.  In 
chapter 6 the Er:YSGG laser is investigated further with various different configurations presented 
including a set-up utilising face-cooling to remove heat from the laser crystal, with the aim of 
improving the thermal performance of the laser.  The rest of the chapter focuses on a suitable 
design to achieve electro-optic Q-switching of the Er:YSGG laser, with two extended cavity designs 
considered to allow for insertion of the Q-switching system (comprised of an electro-optic LiNbO3 
crystal, electrodes and housing).  Q-switching is presented, with the best Q-switched pulses obtained 
possessing pulse energies of 0.5mJ and pulse durations of 77ns (FWHM).  Chapter 7 investigates the 
role that the energy transfer processes play in the erbium laser through numerical modelling.  The 
50at.% Er:YSGG and 50at.% Er:YAG lasers are modelled using a coupled two-level rate equation 
system, with both free-running and Q-switched modes of operation simulated. 
Chapter 8 is the final chapter of the thesis and summarizes the main work undertaken in the thesis 
and the headline results obtained. 
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Chapter 2 
 
2. The Bounce Geometry 
 
2.1 Introduction 
 
As discussed in chapter 1, the bounce amplifier geometry is a variation on the well known side-
pumped “zig-zag” laser.  First implemented 20 years ago by Bernard and Alcock [47] in a 3% doped 
Nd:YVO4 slab, the authors noted that a primary advantage of this geometry over other side pumped 
schemes is that the laser mode traverses the shallow region behind the pump face in which the 
highest inversion density is located.  This can produce extremely high small-signal gains enabling 
both high power CW operation and high repetition rate Q-switching [48-51].  These desirable 
qualities provoked extensive development of the bounce geometry, with it proving itself to be an 
extremely useful design for high power DPSS laser systems.  In this chapter the bounce amplifier 
geometry is described in detail and various aspects of this laser design are examined.  Of the issues 
affecting the laser performance, an important one is the thermal load and associated generation of a 
thermal lens.  This is discussed in this chapter through an overview of the mechanisms which 
generate heat in these systems, a theoretical description of thermal lensing and an examination of 
the stability of the laser cavity.  In the final sections of chapter 2, the Nd:YVO4 laser material is 
considered in terms of its appropriateness for use in the bounce geometry and experimental results 
from the implementation of the bounce amplifier geometry in a 1.1%Nd:YVO4 laser are presented. 
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2.2 The bounce geometry 
 
A schematic of a generic bounce geometry set-up is shown in figure 2.1.  The gain medium is a slab 
crystal with typical dimensions of 20mm x 5mm x 2mm.  This is side pumped by high power diode 
bars or stacks, which are collimated in the fast axis but allowed to diverge in the slow axis.  A vertical 
cylindrical lens (VCLD) focuses the pump radiation to a horizontal line at the pump face usually with a 
width ~10mm and a vertical size ~100μm, adjustable by changing the distance between the lens and 
the crystal face.     
 
 
Figure 2.1: A schematic of the bounce amplifier geometry. 
 
 
The laser crystal employed in a bounce geometry set-up should have a high absorption coefficient 
for the pump wavelength.  This creates a region of high inversion concentrated in a shallow region 
below the pump face of the slab (represented by the red region in figure 2.1).    A resonator is 
formed by a highly reflective (HR) back mirror and a partially reflective mirror which acts as an 
output coupler for the laser radiation.  The laser mode, shown in purple in figure 2.1, undergoes a 
grazing incidence total internal reflection (TIR) at the pump face of the gain medium accessing the 
region of highest inversion giving the potential for very high gains in these lasers.  Cooling of the 
laser slab is usually via its large (20mm x 5mm) top and bottom faces.  For this, the laser crystal is 
sandwiched between two copper plates with a thin (100μm) piece of indium foil between the crystal 
faces and the copper.  The function of the indium is to improve contact between the different 
materials.  Indium is a soft, malleable material, and when sandwiched between the laser crystal and 
copper sheet, fills in any microscopic gaps which would otherwise be detrimental to heat transfer 
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from the crystal to the heat sink [52].  This is especially important at high pump powers when the 
increased crystal temperature can cause bulging/deformation, negatively affecting the thermal 
contacting.   
The bounce amplifier geometry provides multiple benefits when implemented in a laser system.  As 
mentioned already, the grazing incidence TIR provides access to the region of highest inversion and 
gives potential for extremely high gains from bounce amplifiers.  As an added benefit the “bounce” 
also provides spatial averaging of gain and thermal non-uniformities which can enable excellent 
spatial quality to be achieved [28, 53, 54].  For power scaling, the side-pumped configuration is 
attractive as it offers reduced thermal effects compared to end pumping with the added bonus of 
simple and efficient delivery of high power diode pump radiation without the need for complicated 
beam shaping [55].  These qualities promote the bounce geometry as being a highly desirable laser 
design from which efficient operation can be achieved.  However, there are potential drawbacks 
which should be considered.  The diode side pumped nature of the bounce geometry results in poor 
overlap of the gain region with the TEM00 mode [55].  This can result in poor spatial quality output 
from these lasers with the beam often possessing a high degree of astigmatism.  However, it is 
possible to attain TEM00 operation through careful cavity design [28, 54, 55].  Another potential 
difficulty comes from the high gains achieved in these lasers which can introduce difficulties when 
attempting to achieve good low repetition rate Q-switching due to the inability of the Q-switch to 
hold off lasing [51, 55].  Furthermore, the intensive pumping required to produce high gains and high 
average power systems can result in significant heat loading of the crystal.   
 
2.3 Heat generation in the laser crystal 
 
Generation of heat in a laser crystal can originate from various different sources.  In most lasers the 
pump wavelength is shorter than the laser wavelength, corresponding to more energetic pump 
photons.  The quantum defect, q, describes the fraction of pump energy which is not converted to 
useful laser output and is defined as the difference between the pump and laser photon energies 
[52]; 
  
       
   
   
  
  
                                                          (2.1) 
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For the Nd:YVO4 laser with a pump wavelength of 808nm and an output wavelength of 1064nm, the 
percentage of pump energy which is not converted to useful laser output and can contribute to 
heating is 24%.  For the erbium lasers operating at ~3μm and diode pumped at ~966nm this figure is 
greater at around 68%.  Other mechanisms which can contribute to heating in laser crystals are 
shown in figure 2.2 [52].   
 
 
Figure 2.2:  Heating mechanisms in laser systems. 
 
Figure 2.2(a) shows excited state absorption (ESA).  In this process, an ion with an appropriate 
energy level structure is promoted to an excited state by absorption of two photons in rapid 
succession.  Co-operative energy transfer upconversion (ETU), depicted in figure 2.2(b), is where two 
neighbouring ions in the same energy state interact such that one is promoted to a higher lying 
energy level and the other is de-excited.  In cross relaxation (figure 2.2(c)), two ions in different 
energy states interact resulting in both ending up in an intermediate energy state.  In these 
processes, heat dissipation in the crystal arises from subsequent multi-phonon relaxations which 
bring the ions back into the ground state [56].  The strength of ETU and cross relaxation in a laser 
crystal is dependent on doping concentration, as a higher doping level means the ions are more 
closely packed and can interact more easily.  Therefore in highly doped gain media such as those 
used in 3μm erbium lasers, these mechanisms can cause significant heat loading.  
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2.4 Thermal Lensing  
 
An important consequence of heat dissipation and the associated thermal distribution in the gain 
medium of a laser is the creation of a thermally induced lens.  This is experienced by the cavity mode 
on propagation through the gain medium and can result in significant distortion of the laser output.   
To examine the mechanisms through which the thermal load is translated into a thermal lens in a 
gain medium, we consider an end pumped rod laser.  In this example the pump radiation and the 
laser mode propagate through the centre of the rod, resulting in maximum heating at the centre of 
the rod also.  The first mechanism which can act to induce lensing is the thermo-optic effect [14].  
This is defined as the variation of the refractive index with temperature and is quantified by the 
thermo-optic coefficient, dn/dT.  When dn/dT is positive the thermal distribution in the gain medium 
causes the rod to act as a positive lens, with the cavity mode experiencing the greatest optical path 
length at the centre and minimum optical path length at the edges.  The second mechanism is the 
photo-elastic effect [14].  This produces refractive index variations due to stresses caused by heating 
of the material, and causes lensing in the similar way to the thermo-optic effect.  Finally, thermal 
expansion of the laser material can cause the end faces to bulge [14].  This again results in a longer 
path length at the centre of the rod than at the edges and creation of a lens. 
The strength of the thermal lens can be described mathematically.  This has been done for the 
common case of an end pumped laser rod in [14], and a summary of this analysis is presented here.  
For this, it is assumed that uniform heating occurs along the rod and that cooling is via the cylindrical 
surface.  This results in radial heat flow towards the surface of the rod (if end effects are neglected), 
where the radial temperature is described by the differential equation, 
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where K is the thermal conductivity, Q is the rate at which heat is generated per unit volume, r is the 
position along the radius of the rod and T is the temperature.  Setting the boundary condition that 
T(r0) is the temperature at the rod surface where r0 is the radius of the rod, gives  
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This equation describes a parabolic temperature profile with its highest value at the centre of the 
rod.  The change in refractive index resulting from the temperature gradient in the rod,        , 
can be described by  
 
        
 
  
  
  
       .                                                     (2.3) 
 
The refractive index varies quadratically with respect to r.  This means that a beam propagating 
down the centre of the rod experiences a quadratic spatial phase variation.  This is equivalent to the 
effect of a spherical lens on the beam, with a refractive index n(r) that varies as 
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and a focal length,   ,  described (if it is assumed the focal length is long compared to the rod length) 
by 
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A full analysis, including perturbations caused by end effects, yields the result 
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where Pa is the total heat dissipated in the rod, α is the thermal expansion coefficient, A is the rod 
cross-sectional area and Cr,φ is the photoelastic coefficient which has one value for the radial 
component of the radiation and one for the tangential component represented by the subscripts r 
and φ respectively.  This expression shows that the dioptric power of the thermal lens, 1/f, is 
proportional to the heat dissipated in the rod.  In simple systems where the majority of this heat 
originates from the quantum defect it could be further concluded that the dioptric power of the lens 
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is approximately proportional to the pump power.  This is the case in the Nd:YVO4 laser which will be 
presented at the end of this chapter.  However it is not safe to assume this when considering the 
3μm erbium lasers, where the many energy transfer processes contribute significantly to heating.   
 
2.5 Stability of the Laser Cavity  
 
The induced thermal lens described in section 2.4 can affect the stability of a laser resonator [14, 
57].  In a simple cavity consisting of a gain medium, a highly reflective back mirror and a partially 
reflective output coupler, the criterion for laser resonator stability is 
 
                                                                      (2.7) 
where  
     
  
 
 
  
  
         
  
 
 
  
  
 .                                        (2.8) 
 
In this expression, the variable thermal lens is represented by an idealised thin lens with focal length 
f located at the centre of the gain medium.  R1 and R2 are the radii of curvature of the back mirror 
and output coupler respectively and L1 and L2 are the distances between the back mirror and the 
lens and the output coupler and the lens respectively.  Hence the laser resonator has a length  
        and an effective length  
               [57]. A Gaussian TEM00 cavity mode is 
assumed.  The stability criterion can be expressed diagrammatically as shown in figure 2.3(a).  The 
cavity is stable if the product of the g parameters falls into one of the two distinct stability zones, 
represented by the shaded regions and denoted as zone 1 and zone 2.  
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Figure 2.3: (a) Stability diagram and (b) associated resonator configurations [57]. 
 
The two arrows represent the change in stability of a plane-plane resonator with increasing thermal 
lens strength, which we will assume here is proportional to pump power.  Different cavity 
configurations will trace different straight line paths but always pass through both stability zones.  
The dashed line represents a symmetric laser cavity with the gain region and associated thermal lens 
in the centre of the cavity.  Here the resonator moves directly from the first to the second stability 
zone.  The solid black line represents an asymmetric cavity, where the gain region (and thermal lens) 
is positioned closer to one cavity mirror.  In this configuration, there is a discontinuity between the 
two stability zones during which the resonator is unstable.  Figure 2.3(b) shows the laser mode 
behaviour at the four positions marked on the arrow representing the asymmetric cavity.  At 
position a there is negligible thermal lensing and the cavity behaves as a simple plane-plane 
resonator.  Position b sees the thermal lens focus the cavity mode onto the output coupler, before 
the first stability zone is exited.  Entry to the second stability zone is represented by position c where 
the cavity mode is focused onto the back mirror, located closer to the thermal lens position.  Finally, 
at position d, thermal lensing is strong enough to focus the cavity mode onto both cavity mirrors.  
After this point the second stability zone is left and the resonator is no longer stable.  An asymmetric 
cavity configuration may not seem ideal, due to the loss of stability experienced at certain thermal 
lens strengths.  However, with careful resonator design, it can allow for TEM00 operation of a laser to 
be achieved at a given operating power.   
For TEM00 operation on the Gaussian mode it is important for the cavity mode to be well matched to 
the gain region.  If it is not, then higher order modes will oscillate in order to enhance extraction.  
g1
g2
a
b
c
d
Zone I
Zone II
a
b
c
d
L1 L2
(a) (b)
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The beam size of the Gaussian mode at the centre of the gain medium (w3), and the plane of the 
idealised thin thermal lens, is given by Magni [57] as 
 
  
  
 
 
 
                 
 
            
 
   
                                                (2.9) 
where 
        
  
  
                
  
  
                                       (2.10) 
 
Plotting w3 as a function of the dioptric power of the thermal lens produces the graph presented in 
figure 2.4.  The two stability zones are located in the regions where the Gaussian beam size is finite.  
At the edges of the stability zones the beam size approaches infinity and between these two zones 
there are no real solutions and the resonator is unstable. 
 
 
Figure 2.4: Gaussian mode size w3 plotted as a function of dioptric power 1/f [57]. 
 
The dashed line labelled wg in figure 2.4 represents a hypothetical gain region width.    This matches 
the Gaussian mode beam width at four different dioptric powers (equivalent to four different pump 
1/f
w3
w30
0 1/L1 1/L2 1/L1+ 1/L2
Zone IIZone I
wg
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powers), twice in each stability zone.  It is therefore possible to attain TEM00 operation at a specific 
pump power through appropriate choice of the arm lengths L1 and L2.   
This concludes the theoretical description of the bounce amplifier geometry.  The remainder of the 
chapter will describe implementation of this geometry in a laser using a Nd:YVO4 crystal as the gain 
medium. 
 
2.6 The Nd:YVO4 gain medium 
 
The energy level scheme for the Nd3+ ion is shown in figure 2.5, with possible pumping routes 
depicted by red arrows and laser transitions by purple arrows.  The Nd:YVO4 laser is most commonly 
operated at 1064nm as this transition has the greatest emission cross section.  Diode pumping at 
808nm results in a 4-level laser system where excitation enters the upper laser level, and leaves the 
lower laser level, through fast non-radiative transitions.  Pumping promotes ions from the ground 
state, 4I9/2, to an excited state, 
4F5/2.  Non-radiative transitions then depopulate this level and result 
in excitation in the 1064nm transition upper laser level, 4F3/2 .  Lasing at 1064nm occurs between this 
and the 4I11/2 level, which is rapidly emptied through non-radiative decay to the ground state.  
  
 
Figure 2.5: Energy level diagram of the Nd
3+
 ion.  Red arrows show pump lines and purple arrows show 
common laser transitions in Nd:YAG [45, 58]. 
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The choice of Nd:YVO4 as the gain medium for the bounce geometry lasers developed in the 
experimental laser work in this and the next chapter can be justified by considering some important 
laser material parameters.  Table 2.1 shows the values of some of these for the 1.1% Nd:YVO4 
crystal, alongside those for the popular solid state gain medium 1.1% Nd:YAG for comparison. 
 
Table 2.1:  Comparison of parameter values of the Nd:YVO4 and Nd:YAG laser crystals [52, 59-61] 
 
 
 
 
 
 
 
 
 
 
 
Overall the Nd:YVO4 crystal suffers from poorer thermal characteristics than Nd:YAG, with a higher 
thermal expansion coefficient and lower thermal conductivity for the relevant crystallographic axis 
//c.  Furthermore, the upper state lifetime of the 1064nm transition in Nd:YVO4 is significantly 
shorter than in Nd:YAG which has repercussions for energy storage and Q-switched laser operation.  
Despite this, the advantages of Nd:YVO4 can make it extremely useful in the bounce geometry.  An 
important material parameter for the bounce geometry configuration is the absorption coefficient at 
the pump wavelength.  This determines the depth over which the pump radiation is absorbed, with a 
high absorption coefficient resulting in a higher inversion density close to the pump surface and 
higher gain experienced by a bounce geometry laser mode.  Nd:YVO4 has a considerably higher 
absorption coefficient than Nd:YAG making it desirable for use in this configuration.  A further 
advantage of Nd:YVO4 is its high stimulated emission cross section at 1064nm, over four times 
Laser Crystal 1.1%Nd:YVO4 1.1%Nd:YAG 
Wavelength (nm) 1064 1064 
Absorption coefficient @808nm (cm-1)  31 ∥c 8 
Stimulated emission cross section  
@1064nm (10-19 cm2)  11.4 ∥c 2.8 
Upper level lifetime at 300K (μs) 90 230 
Thermal expansion coefficient (10-6K-1) 
8.4 ∥c 8.2 
2.2 ⊥c 
Thermo-optic coefficient (10-6K-1)  
3.0 ∥c 
7.3 
8.6 ⊥c 
Thermal conductivity (W/mK) 
5.23 ∥c 
14 
5.10 ⊥c 
40 
 
greater than in Nd:YAG, which can result in extremely high small signal gains [28, 30].  For diode 
pumping, the relatively broad absorption peak of Nd:YVO4 compared to Nd:YAG allows the 
wavelength of the pump diode to drift slightly without significant changes in pump absorption 
occurring.  Furthermore, the Nd:YVO4 crystal is naturally birefringent, which eliminates thermally 
induced depolarisation loss in high power lasers and results in polarised laser emission [29]. 
 
2.7 Compact symmetric bounce geometry laser 
 
An efficient diode pumped Nd:YVO4 bounce geometry laser utilising a compact resonator design is 
presented to demonstrate the effectiveness of the configuration.  The experimental set-up is shown 
in figure 2.6.   
 
 
Figure 2.6: Schematic of the compact symmetric 1.1%Nd:YVO4 laser with arm lengths L1=94mm and L2=80mm. 
 
The gain medium is a 1.1% Nd:YVO4 slab crystal which is trapezoidal in shape and measures 20 x 5 x 
2mm.  The crystal end faces have a 14° cut such that when the laser mode propagates parallel to the 
crystal pump face outside of the crystal, the internal bounce (TIR) angle is ~7° with respect to the 
pump face.  The slab is side pumped by a 50W CW diode bar from DILAS, shown in figure 2.7. The 
OC
R=30% 
50W Diode Bar 
@ 808nm
HR
1.1%Nd:YVO4
VCL2
f=50mm
VCLd
f=12.7mm
VCL1
f=50mm
L1 L2
c-axis
14°
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diode bar has 19 emitters, each 100μm in size, arranged in a horizontal stripe.  The centre to centre 
spacing of the emitters, or pitch, is 500μm giving the stripe a fill factor of 20%.   
 
 
Figure 2.7: A picture of the 808nm diode bar used for pumping of the 1.1%Nd:YVO4 bounce geometry laser. 
 
The diode bar is delivered on a conduction cooled gold plated copper block, packaged by the 
manufacturer, which is then mounted onto a passively cooled copper heat sink.  The centre 
wavelength is 806.3nm at 20°C, with a linewidth of 1.8nm, and changes with temperature according 
to the wavelength temperature coefficient of ~0.27nm/°C.  The temperature of the diode is 
optimised to produce maximum laser output at 50W diode pumping.  The diode radiation is fast axis 
collimated by a microlens, but allowed to diverge in the slow axis.  Slow axis divergence is <7.5° and 
with collimation, the fast axis divergence falls from <63° to <8mrad (<0.46°).  A vertical cylindrical 
lens (VCLd) of focal length f=12.7mm is positioned between the pump diode and the Nd:YVO4 crystal 
to produce a horizontal line focus on the pump face.  The cavity is formed by a high reflectivity (HR) 
back mirror and a partially reflective (R=30%) mirror which acts as an output coupler (OC).  Two 
intra-cavity VCLs (VCL1 and VCL2) of focal length f=50mm are used to ensure good overlap between 
the cavity mode and the pump region.  The laser cavity is near-symmetric with respect to the centre 
of the laser material, with arm lengths of L1=94mm and L2=80mm.  A power curve obtained from this 
set-up is shown in figure 2.8.   
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Figure 2.8: A power curve for the compact symmetric 1.1%Nd:YVO4 laser cavity. 
 
The laser output power increases linearly with pump power reaching a maximum CW output power 
of 28W for 50W of pumping, with a slope efficiency of ηs=63% and an optical-to-optical efficiency of 
56%.  The intensity profile of the bounce geometry laser beam was visualised in the far-field on a 
CCD camera and is shown in figure 2.9 at a pump power of 50W.   
 
 
Figure 2.9: Intensity profile of laser beam from the compact symmetric 1.1%Nd:YVO4 laser. 
 
The spatial quality of the vertical was very good.  This is due to the cavity VCLs (VCL1 and VCL2) 
matching the Gaussian mode to the gain profile well in the vertical.  However, as no horizontal beam 
shaping optics were included in the cavity, the laser output was multimode in the horizontal.  As 
discussed in section 2.5, this can be rectified through careful cavity design. 
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2.8 Asymmetric resonator configuration 
 
To obtain TEM00 operation an asymmetric resonator configuration was implemented, the set-up for 
which is shown in figure 2.10.  This design allows the fundamental mode size to be matched to the 
gain region at a given pump power, allowing full extraction by this mode and suppressing higher 
order transverse modes. 
 
 
Figure 2.10: Schematic of the asymmetric bounce geometry 1.1%Nd:YVO4 laser with arm lengths L1=150mm, 
L2=295mm. 
 
The asymmetric resonator is essentially the same as the compact cavity, but with extended arm 
lengths of L1=150mm and L2=295mm.  Results from this set-up are shown in figure 2.11.  In this 
graph, the laser output power is shown in black and the optical-to-optical efficiency in green, both as 
a function of diode pump power.  At a pump power of ~7W laser threshold is reached in the 
asymmetric resonator.  Between laser onset and a pump power of 30W the output power follows an 
approximately linear increase, as does the optical-to-optical efficiency.  This region of the graph 
represents operation in the first stability zone (see figure 2.3).  Above this pump power, the optical-
to-optical efficiency experiences a dip due to the resonator becoming unstable on exit of the first 
stability region.  The efficiency recovers when the second stability zone is entered and the laser 
output power increases linearly once again.    
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Figure 2.11: Graph of asymmetric bounce laser oscillator results showing laser output power in black and 
optical-to-optical efficiency in green, both as a function of pump power. 
 
Figure 2.12 shows the intensity profile of the laser beam at three different pump powers 
representing (a) operation in the first stability zone at 30W, (b) operation in the unstable region 
between stability zones at 41W, and (c) operation in the second stability zone at 47W. 
 
 
Figure 2.12: Beam intensity profiles from the asymmetric bounce geometry oscillator at pump powers of (a) 
30W, (b) 41W and (c) 47W. 
 
In the first stability zone, the spatial profile of the laser beam looks good in both the horizontal and 
vertical, apart from a small lobe on the left side of the main beam.  In the pump region where the 
resonator is operating between stability zones, the cavity is unstable in the horizontal as can be seen 
by the splitting of the beam.  In the vertical direction, however, the beam holds its shape.  On entry 
of the second stability zone, the beam comes back together in the horizontal resulting in the profile 
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in figure 2.12(c).  Unfortunately this beam is not perfectly TEM00 and the attainment of better beam 
quality from this laser is pursued in chapter 3 along with acousto-optic Q-switching of the resonator.   
 
2.9 Conclusion 
 
In this chapter, a detailed introduction to the bounce amplifier geometry was presented.  Various 
issues surrounding this laser configuration were discussed including heat generation in the laser 
crystal, thermal lensing and laser cavity stability.  The Nd:YVO4 laser material was described and its 
suitability for use in the bounce amplifier geometry examined through consideration of various 
relevant material parameters and comparison with the widely used Nd:YAG laser material.  A diode 
pumped 1.1% Nd:YVO4 laser in the bounce amplifier geometry with a compact symmetric cavity was 
then presented to demonstrate the effectiveness of the set-up, with CW output powers of 28W 
achieved from this laser at CW pump powers of 50W.  This corresponded to a slope efficiency of 63% 
and an optical-to-optical efficiency of 56%.  The intensity profile of the laser output was visualised on 
a CCD camera and found to be very good in the vertical but spatially multimode in the horizontal.  To 
achieve TEM00 operation an asymmetric cavity was implemented and operated in the second 
stability zone.  This improved the spatial profile somewhat but did not achieve perfect TEM00 
operation.  Further development of this laser is undertaken in chapter 3 to improve the spatial 
output from the laser before Q-switching the system.  
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Chapter 3 
 
3. Pulse control of a Q-switched 
Nd:YVO4 bounce beometry baser 
using a secondary cavity 
 
 
3.1 Introduction  
 
Pulsed lasers find use in many application areas often where the high peak powers which can be 
delivered are advantageous, or even necessary, for some process.  In nonlinear optical processes 
such as harmonic generation, for example, the efficiency of the mechanism is substantially increased 
by the high intensities delivered by these lasers.  In the field of medicine, high power densities and 
short pulse durations can achieve photoablation and photocoagulation to destroy tissue for incisions 
and cauterization [62].  With even higher power densities and shorter durations photodisruption can 
occur.  In this process, atoms and molecules are ionised creating plasma which expands rapidly 
producing a pressure wave that mechanically disrupts surrounding tissue.  This allows precise 
incisions to be achieved and is used in ophthalmology for surgery on delicate ocular tissue.  Another 
extremely important application area of pulsed lasers is in the industrial manufacturing sector, which 
is in fact the single biggest commercial application of lasers.  Here these lasers can be used to 
achieve scribing (thin film removal), marking, cutting and drilling and hold many advantages over 
traditional cutting methods [5].   
 
The Nd:YVO4 laser presented in chapter 2 showcased the effectiveness of the bounce amplifier 
geometry for operation in a continuous-wave mode.  In the Q-switched regime the extremely high 
small signal gains available from this system open up the potential for achieving very high repetition 
rate pulsing.  In prior work [49, 63] it has been demonstrated that the Nd:YVO4 bounce laser can 
operate at repetition rates in excess of 1MHz which can prove highly advantageous for high pulse 
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rate applications.  Unfortunately, the high levels of gain reached in these lasers can introduce 
difficulties at low repetition rates.  Here the loss modulation element may be unable to hold off 
lasing between Q-switched pulses which can lead to unwanted breakthrough resulting in subsidiary 
pulsing and can ruin the quality of the Q-switched pulse.  In this chapter, a novel technique aimed at 
overcoming this problem and attaining enhanced control of the pulsing parameters (e.g. repetition 
rate, pulse energy) in a Q-switched laser is presented for the first time and implemented in a 
Nd:YVO4 bounce geometry system.   
 
3.2 Material processing for industrial manufacturing applications 
 
An application area which is of particular interest in this work is material processing for industrial 
manufacturing applications [5, 17, 64, 65].  The pulsed lasers used in this sector would benefit 
greatly from enhanced flexibility and control of their pulsing parameters in terms of, for example, 
pulse repetition rate, pulse energy and pulse duration.  This is discussed in some detail over the 
following sections, but first the topic of laser material processing is introduced.   
The use of lasers in material processing is widespread due to the significant advantages they can 
offer over traditional methods including higher processing speeds, better finish and edge quality, 
and the ability to handle complex cutting shapes under computer control [5, 66].  When a laser is 
used for material removal, the two main processes which may occur are melting or ablation.  For 
material removal via melting, a focussed laser beam heats and melts the target material, which is 
then blown from the cutting area by a high pressure gas jet in a process called melt expulsion [5].  
This typically requires the use of CW or long pulse lasers.  In ablative processes, it is vaporisation or 
sublimation of the target which provides material removal [5].  This requires greater power densities 
and therefore typically utilises pulsed laser systems with durations of ns, ps or fs.  Some of the most 
common laser material processing applications are for cutting, drilling, welding, marking and 
micromachining [5].   
Laser welding and cutting are used widely in the automotive industry, where the ease of automation 
and high travel speeds (typically 1-10m/min) enable high productivity processing [4]. In laser 
welding, the interface of the two materials to be joined is melted and re-solidified [5].  This is 
undertaken using pulsed beams for welding of thin materials and CW beams for deep welds in 
thicker materials [4].  Typical power densities ~1MW/mm2 are delivered for this task [4].  Laser 
cutting can be achieved through a variety of techniques.  These include vaporisation cutting, fusion 
cutting, thermal stress cracking, reactive cutting and cold cutting [5].  In vaporisation cutting, a 
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focussed laser beam heats up the material surface to its boiling point creating what is known as a 
keyhole.  Multiple reflections inside the keyhole increase the absorptivity and cause it to rapidly 
deepen.  The vapour which is generated during this process is ejected, eroding the walls on passing 
and removing further material.  This technique is commonly used for processing of non-melting 
materials such as wood and carbon [5].  For materials which do experience melting, such as metals, a 
technique called fusion cutting can be used in which a focussed laser beam melts the material to be 
removed, and a high pressure gas jet is used for melt expulsion.  An advantage of this method is that 
the material does not need to reach its boiling point, reducing the power requirement of the laser.  
Thermal stress cracking requires even lower laser powers, as it does not require any melting or 
vaporisation to take place.  This process, widely used in glass cutting, takes advantage of the 
vulnerability of a brittle material to thermal fracture.  The focussed laser beam causes heating and 
expansion of the surface material, leading to tensile stresses in the surrounding area.  A resulting 
crack can be guided by the laser beam at speeds on the order of metres per second.  This process is 
excellent for cutting in straight lines, but does not perform as well when cutting closed forms. 
Reactive cutting can be used for cutting very thick steel plates using very little laser power.  The 
process uses a stream of oxygen which reacts exothermically with the steel to enhance the laser 
cutting process by providing an additional source of energy.  The final technique is cold cutting.  This 
uses UV laser light, which consists of high energy photons, to break material bonds in plastic.  The 
result is a heat free cut, with minimal collateral damage and debris.   
Laser marking for the purpose of product identification is another area where lasers hold significant 
advantages over conventional methods such as ink marking, mechanical engraving and electro-
chemical methods [67].  For this, pulsed lasers achieve precise material removal or modification of 
the surface layer of a material to produce a mark [5, 67].  Laser micromachining also utilises the 
lasers ability to perform precise material removal [68].  Holes with very small diameters can be 
drilled using this technique, finding it importance in various applications including in the 
manufacturing of integrated circuit boards and biomedical devices [68, 69]. 
Table 3.1 shows the lasers commonly used in material processing applications along with associated 
wavelengths and characteristic powers [4, 70].  Also included is the percentage sales figure for each 
laser type in terms of total laser units sold for material processing in the world in 2008 [71].  
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Table 3.1: A summary of lasers used for material processing applications [4, 71] 
Laser type Wavelength Typical average power % of world material 
processing market (2008) 
Gas (CO2) 10.6μm Up to hundreds of kW 37 
Solid-state (e.g.Nd:YAG) 1064nm Up to several kW 36 
Excimer (KrF, ArF) 248nm, 193nm Tens of W 17 
Fibre  1080nm Up to several kW 7 
Direct diode 800-980nm Up to ~10kW 3 
 
The CO2 laser at 10.6μm and the solid state Nd doped rod and Yb disk lasers at 1μm are the most 
valuable, jointly making up 73% of laser sales in the materials processing market in 2008.  Excimer 
lasers such as KrF operating at 248nm and ArF at 193nm also play an important role constituting 17% 
of market sales.  At the bottom of the table are the fibre and direct diode lasers which accounted for 
7% and 3% respectively of laser sales, although the fibre laser has gained further market share in 
recent years.  The choice of laser depends, of course, on the particular requirements of the 
application.  Parameters which must be considered are discussed in the following section.    
 
3.3 The importance of pulsed laser parameters 
 
In the processes described in section 3.2, the practical effectiveness of the laser is governed by a 
number of parameters [72].  These include laser wavelength (λ), output power (P), pulse energy (Ep), 
pulse duration (  ), pulse repetition rate ( ), focal spot size of beam (Af) and translation (scan) speed 
(v).  
The wavelength defines the energy of the photons in a laser beam and can have implications on the 
effectiveness of a source in a particular process.  For techniques such as cold cutting, the energy of a 
single photon is used to break a material bond, thus requiring high energy photons and a short 
wavelength laser source [5].  For other processing methods which use thermal methods of ablation, 
the wavelength can be important as it dictates the minimum size to which the beam can be focused 
[69].  A more focused beam can allow for faster processing speeds (when combined with suitable 
pulsing parameters) for increased production.  As shown in table 3.1, three of the most commonly 
used lasers for material processing are the CO2 laser operating at 10.6μm, the Nd:YAG laser at the 
1μm transition and excimer lasers operating in the UV.  For non-metallic materials, the longer 
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wavelength CO2 laser dominates as it is absorbed better than its shorter wavelength counterparts.  
In metallic materials, absorptivity increases at lower wavelengths.  The reflectivity of metals (for the 
case of normal incidence) in the near UV and visible, for example, typically lies between 0.4 and 0.95 
[73].  For longer wavelength IR radiation this value rises to between 0.9 and 0.99 [73].  Despite this 
fact, the CO2 laser is commonly used for cutting and welding of metals such as steel due to its high 
power levels combined with reasonable cost.  However, the 1μm laser enables the processing of 
highly reflective materials such as copper, brass and gold, where the 10.6μm laser is less efficient 
and where smallest focal spot size is required.  
 
The focal spot size is extremely important in processing applications as it determines whether the 
target material is above its ablation threshold for a given pulse energy.  The ablation threshold is 
defined as the energy density required for onset of ablation (Uth=Ep,th /Af ) [73].  Ability to focus a 
beam to a smaller spot size is hence desirable as it increases the energy density in the material.  The 
ablation threshold is also dependent on the energy of the laser pulse.  The pulse energy is related to 
the average output power (Pav) and peak pulse power (Ppk) of the laser through the following 
relations, 
 
   
   
 
                                                                       (3.1a) 
and 
                    .                                                       (3.1b) 
 
Therefore variation of these parameters affects the energy density and whether ablation threshold 
is surpassed.  Typical threshold energy densities for metals are between 1 and 10J/cm2, for inorganic 
insulators between 0.5 and 2J/cm2 and for organic materials between 0.1 and 1J/cm2 [73, 74].  The 
pulse duration affects the dynamics of an ablation process and impacts the material interaction time 
[73].  As pulse duration is shortened, the energy in the pulse is deposited on a shorter timescale [73].  
This minimises heating of the surrounding material as there is less time for the energy to be 
transferred before the target material is ejected.  Figure 3.1 illustrates the difference in the heat 
affected zone (HAZ) of a target material when the surface is processed using CW, ns, or ps/fs lasers 
[75].    
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Figure 3.1: An illustration depicting the differences between CW, ns, and ps/fs lasers when used in the 
materials processing application [75]. 
 
The heat-affected zone (HAZ) describes the area of surrounding uncut material whose 
microstructure is affected by the laser processing action [5].  The CW laser removes material through 
melting, producing a large HAZ, depicted in red in figure 3.1.  With ns pulse durations the resultant 
HAZ is reduced.  Here the material is removed by melt expulsion, where melting is combined with 
the use of pressure to expel the molten material.  With ps/fs laser sources, the material is rapidly 
heated past its melting point resulting in vaporization due to the extremely high instantaneous 
intensities which enable phenomena such as multiphoton absorption and optical breakdown [73].  
This results in very sharp features and a negligible HAZ leading to laser cutting and processing with 
these ultra-short pulse lasers to be considered as “cold” processes.  Another difference of ps/fs 
ablation compared to ns ablation is that the laser-material interaction is separated in time from the 
material response.  This can reduce the amount of absorbed energy in ns ablation as the ejected 
material shields the material surface.  Despite the apparent advantages of ps/fs lasers, the use of 
nanosecond lasers is still widespread in the laser micromachining and marking industry due to their 
comparative maturity and lower cost [76].  Here pulse durations in the nanosecond range coupled 
with 100s of kHz repetition rates achieve well controlled material removable with minimal collateral 
damage, and reasonable processing speeds [76].  Specifically, nanosecond sources are used in silicon 
wafer marking, UV lithography and inkjet printer head drilling to name just a few applications.  The 
large HAZ produced by use of a CW laser would clearly be detrimental for micromachining 
applications where precise material removal is required.  However in laser cutting and welding 
applications, high power CW laser sources are the ideal tool.   
Target material
Heat affected 
zones
Shock waves
CW laser ns laser ps/fs laser
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The translation speed (v) of the laser also affects heat accumulation in the material.  Greater 
translations speeds act to decrease the laser-material interaction time which in turn reduces the HAZ 
[5, 77].  Moreover, greater translation speeds result in higher throughput rates.  This is clearly 
beneficial in any application and is highly sought after in many.  To operate at fast translation speeds 
whilst still providing continuous processing (i.e. leaving no gaps between where the laser pulses hit 
on the processed material), high pulse repetition rates are required.   This is especially useful for 
processing thin materials where only low pulse energy is required.    
It is clear from this discussion that pulsing parameters greatly affect the performance of a laser for a 
particular material processing application.  Furthermore, in many of these applications the 
usefulness of a pulsed laser could be enhanced if greater flexibility of parameters such as pulse 
repetition rate, energy and duration was possible from a single laser system [78].  A process may 
require, for example, high or low repetition rates, variation of the pulse rate in a single step change 
or on a pulse-to-pulse basis, or extended periods when no pulses are emitted at all [78].  Moreover, 
the ability to control pulse energy and duration alongside repetition rate could prove extremely 
useful, enabling a single laser source to be used for a range of applications.   
 
3.4 Novel pulse control technique using a secondary cavity 
 
In the remainder of this chapter, a novel technique for controlling pulsing in a high gain Q-switched 
laser is proposed and implemented in a Nd:YVO4 laser in the bounce geometry.  The pulse control 
technique uses a secondary laser cavity to clamp the gain in a primary Q-switched laser cavity.  This 
enables control of pulsing at low repetition rates, addressing a common difficulty associated with Q-
switching of high gain lasers. 
Figure 3.2 shows the temporal evolution of the population inversion in the gain medium of an 
actively Q-switched laser [14].  The evolution of the inversion in high repetition rate Q-switching is 
shown in blue and in low repetition rate Q-switching in red.   
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Figure 3.2: Temporal evolution of the inversion in an actively Q-switched laser for high repetition rates (blue) 
and low repetition rates (red). 
 
The two dashed lines on the graph represent the two loss levels which the loss modulator switches 
between to achieve Q-switching.  As discussed in section 1.6.1, the loss modulator initially 
introduces a high level of loss to the resonator for a time period dictated by the required repetition 
rate.  During this time, the threshold inversion level for laser action is Nth
high (shown by the dashed 
line labelled “high loss”), and lasing should be inhibited to allow inversion to be accumulated in the 
gain medium.  At the end of this interval the losses are quickly reduced to a low level, where the 
threshold inversion level for lasing is Nth
low (shown by the dashed line labelled “low loss”).  The 
stored energy in the gain medium should now be released in the form of a Q-switched pulse.  
For a Q-switched pulse to be generated in this way, Nth
low must be exceeded at the point when the 
losses are reduced.  Moreover Nth
high must not be exceeded during the interval when the losses are 
high as this will result in laser output before Q-switching (breakthrough), ruining the quality of the 
main Q-switched pulse.  To obtain high pulse repetition rates (~1MHz) high gains are necessary to 
ensure the first of these conditions is fulfilled.  However at low repetition rates, where the time 
between pulses is extended, this can introduce difficulties as Nth
high may be exceeded.  This situation 
is illustrated in figure 3.2 by the red line representing low repetition rate Q-switching.  A simple way 
to control the pulsing at low repetition rates is clearly to reduce the pump rate and stop the 
inversion reaching the Q-switch hold off level [78].  This will bring the laser output under control at 
low repetition rates but will have the disadvantage of adversely affecting pulse operation at high 
repetition rates.  Additionally, it may result in considerable loss of available output power or lasing 
efficiency.  Furthermore this technique can be impractical as it may not be possible to adjust the 
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pump mechanism rapidly and the effect of changing the pump mechanism may not have an 
immediate effect on the inversion/gain.  Using this method can also result in unwanted effects.  For 
example, in diode pumping the diode wavelength can change with excitation rate which can affect 
pump absorption.  Adjusting the pump rate can also cause changes in thermal lensing and spatial 
output.  Another method to control the output at low repetition rates is to allow some CW output 
for a short time between pulses to control the gain and stop it from reaching uncontrollable levels.  
However for many applications it would be detrimental or even unacceptable to have this CW 
output collinear with the pulsed output.  The proposed pulse control technique aims to address the 
issue of gain control at low repetition rates without introducing these unwanted detrimental effects.    
Figure 3.3 shows a schematic representation of one possible configuration for implementing the 
pulse control technique.  In this set-up, two laser cavities are constructed around a single gain 
medium.  The first resonator, designated as the primary cavity, is shown in red.  This incorporates 
the gain medium and a loss modulation element to induce Q-switching.  The resonator is formed by 
a high reflectivity back mirror (HR1) and a partially reflective mirror for output coupling of the laser 
radiation (OC1).  The second resonator, designated as the secondary cavity, is shown in blue.  This 
utilises the same gain medium as the primary cavity to achieve laser action and is formed by a high 
reflectivity back mirror (HR2) and a partially reflective mirror for output coupling (OC2).   
 
 
Figure 3.3: General scheme for the pulse control technique using a secondary laser cavity. 
 
The function of the secondary cavity is to clamp the primary cavity gain at a level that the loss 
modulator can suppress (i.e. below Nth
high).  This concept is illustrated in figure 3.4.  Here the 
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inversion graph from figure 3.2 is shown again but with the gain clamping effect of the secondary 
cavity depicted.  
 
 
Figure 3.4: Temporal evolution of inversion for high (blue) and low (red) repetition rate Q-switching, with gain 
clamping by secondary cavity depicted in black. 
 
The evolution of the inversion at low repetition rates and without the secondary cavity present is 
shown by the dashed red lines (as before).  In this case the inversion exceeds Nth
high , which as 
explained already is detrimental to Q-switching.  Introducing a secondary laser cavity and adjusting 
its laser threshold, Nth
SC , results in the primary cavity inversion not being able to exceed this 
threshold.  When Nth
SC is reached, the secondary cavity laser mode saturates the gain down to its 
threshold value after a transient period of relaxation oscillation. Once this steady state is reached 
the inversion is clamped at its threshold level.  This means that the primary cavity gain is similarly 
limited to this threshold.  Therefore if Nth
SC < Nth
high then the Q-switch hold off cannot be exceeded.  
The secondary cavity laser threshold can be set through adjustment of parameters which determine 
the losses in its cavity.  These include, but are not limited to, reflection of the cavity mirrors, the path 
of the cavity mode through the gain medium and the alignment of the cavity mirrors.   
The pulse control technique has a number of potentially beneficial features [78].  Firstly, at high 
repetition rates the inversion is efficiently extracted by the primary cavity and the secondary cavity 
may never reach threshold.  This leaves all the gain available to the primary cavity and means that 
operation at high repetition rates is not detrimentally affected.  The excess gain removed by the 
secondary cavity is not emitted in direction of the primary cavity output.  This means that there is no 
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unwanted radiation spoiling the quality of primary cavity output and a high contrast can be 
maintained between on-operation and off-operation.  Another advantage of the pulse control 
technique is that it has the potential to remove variations in the spatial quality of the Q-switched 
laser output across repetition rates.  These variations result from differences in how much excitation 
is extracted from the gain medium for different repetition rates.  At low repetition rates for example 
the gain medium would usually be left unextracted for relatively long periods compared to at high 
repetition rates which would cause the thermal lens strength and possibly the spatial output to vary.  
The pulse control technique combats this by extracting the gain uniformly across repetition rates, 
with the excess gain going to the secondary cavity.  A further advantage of the pulse control 
technique is that it could allow a modulation element with limited loss to be used which may have 
benefits for lower cost or higher speed of modulation. 
 
3.6 Experimental implementation of pulse control technique 
 
3.6.1 Acousto-optic Q-switching of the asymmetric cavity bounce geometry laser 
 
The pulse control technique is implemented in an acousto-optically (AO) Q-switched 1.1% Nd:YVO4 
laser in the bounce geometry configuration with CW diode pumping at 808nm.  The experimental 
set-up of this laser is shown in figure 3.5.  This is a version of the asymmetric laser cavity presented 
in section 2.8, further developed for improved spatial quality of the beam.  For this, an adjustable 
aperture vertical slit was placed in the back arm of the laser cavity to restrict the laser mode and 
enforce TEM00 operation.  A disadvantage of this method is that it reduces the output power of the 
laser.  The cavity, which in the terminology introduced in section 3.5 is called the primary cavity, is 
formed by a high reflectivity back mirror (HR1) and an R=30% output coupler (OC1).  As in the 
previous system of chapter 2, the internal bounce (TIR) angle is ~7° with respect to the pump face.  
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Figure 3.5: Experimental set-up for the AO Q-switched 1.1%Nd:YVO4 bounce geometry laser. 
 
For Q-switching of the system, a crystalline quartz acousto-optic modulator is inserted into the 
output arm of the cavity, close to the output coupler OC1.  The laser output from this resonator is 
shown by the red arrow labelled P1.  Results from the Q-switched system are presented in figure 3.6.  
Figure 3.6(a) is a graph of the average output power from the Q-switched laser for repetition rates 
ranging from 1kHz to 800kHz, all obtained at a pump power of 45.5W (as this produced the best 
beam quality).  The output power is approximately constant at ~17.5W between 300kHz and 
800kHz.  Below 300kHz the output power falls, reaching its minimum value of ~3W at 1kHz.  The 
significant average power output at this low repetition rate suggests that single pulse Q-switching is 
not being achieved and visualisation of the temporal output confirms this.  The temporal output of 
the laser was observed on an oscilloscope throughout the power measurements, and two 
representative traces are shown in figure 3.6(b).   
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Figure 3.6: Results from the Q-switched laser.  (a) Output power versus repetition rate from 1-800kHz. (b) 
Temporal traces of laser output at 300kHz and 100kHz. 
 
At 300kHz clean single pulse Q-switching was obtained.  This is representative of the temporal 
output from the laser at repetition rates at and between 150kHz and 800kHz.  At 100kHz subsidiary 
pulsing is observed, representative of the temporal output from the laser at repetition rates below 
150kHz.  This demonstrates the difficulty with low repetition rate Q-switching of high gain lasers, 
where insufficient QS hold-off has ruined the quality of the main Q-switched pulse.  The pulse 
control technique proposed in section 3.4 was implemented with the aim of improving the operation 
at low repetition rates. 
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3.6.2 Implementation of the pulse control technique in the Q-switched Nd:YVO4 bounce 
geometry laser 
 
The pulse control technique was implemented in the Q-switched laser presented in section 3.6.1 
with the aim of controlling the operation at low repetition rates.  A schematic of the experimental 
set-up for the pulse control technique with a secondary cavity is shown in figure 3.7.  The primary 
laser cavity is once again shown in red with the output labelled P1.  Implementation of the pulse 
control technique is realised through construction of a secondary laser cavity around the same 
Nd:YVO4 gain medium on which the primary cavity is based.  The secondary cavity is formed by a 
high reflectivity back mirror (HR2) and an output coupler (OC2) with R=10% reflectivity.  The laser 
mode of the secondary cavity (shown in blue) overlaps the gain region of the primary cavity but has 
a larger internal bounce (TIR) angle ~10°.  It also passes through both cavity VCLs (VCL1 and VCL2).   
 
 
Figure 3.7: Experimental set-up for pulse control technique using a secondary cavity to control the primary 
cavity gain.  The primary cavity is shown in red and the secondary cavity it shown in blue. 
 
The secondary cavity length is shorter than the primary cavity, with a back arm length ~80mm and 
output arm length ~230mm.  The laser output from the secondary cavity, labelled P2, is spatially 
separated from the primary cavity output.   
To obtain the best possible single pulse Q-switching across all repetition rates from the primary 
cavity, the secondary cavity threshold had to be carefully controlled.  If the secondary cavity laser 
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threshold was set too low it would be detrimental to operation at high repetition rates.  If set too 
high in threshold, it would not improve pulsed operation except at the lowest repetition rates.  The 
method for adjusting the secondary cavity losses used was alignment of the secondary cavity 
mirrors.  Nth
SC was adjusted when the primary cavity was operating at the lowest desired repetition 
rate (1kHz).  The secondary cavity was initially well aligned.  In this case the secondary cavity stole 
more power than necessary from the primary cavity, with operation of the primary cavity at the 
highest repetition rates affected.  To correct this, the vertical alignment of the secondary cavity was 
slightly degraded by performing small tweaks to the vertical adjusts on the back mirror mount.  The 
alignment of the secondary cavity was ruined as much as possible whilst still obtaining the single 
pulse operation from the primary cavity at 1kHz.   
 
3.6.3 Experimental results from pulse control set-up 
 
Results of output power against pulse repetition rate obtained with implementation of the 
secondary cavity are shown in figure 3.8 (all with 45.5W CW pumping).  The Q-switching data from 
the primary cavity presented in figure 3.6(a) is also included for comparison, denoted by open black 
squares and the dashed black line.  The solid red squares show the primary cavity Q-switched 
output, obtained using the pulse control set-up in figure 3.7.  With the secondary cavity 
implemented, single pulse Q-switched operation was obtained across the entire repetition rate 
range of 1kHz to 800kHz.   
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Figure 3.8: Experimental Q-switching results from the pulse control set-up using a secondary cavity. 
 
With implementation of the secondary cavity, the output power from the primary cavity was lower 
for all repetition rates (although this deviation was minimal at the highest repetition rates).  The 
power began to decrease at a higher repetition rate in this system, from ~500kHz.  At low repetition 
rates the output power approached zero, signifying the inhibition of laser breakthrough.  The solid 
blue triangles show the laser output power from the secondary cavity, P2.  Lasing occured across the 
entire repetition rate range, with an increase in output power P2 at low repetition rates mirroring 
the decrease in P1.  Ideally the output power from the secondary laser cavity would fall to zero at all 
repetition rates for which single pulse Q-switching is possible without the pulse control technique 
implemented.  However, not all of the secondary cavity laser output is stolen from the primary 
cavity.  This can be concluded by examining figure 3.8(b) which shows the total output power from 
both cavities (P1+P2) and the output power from the primary cavity before implementation of the 
pulse control technique.  Here it is seen that the total output power (P1 + P2) is greater than the 
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primary cavity output power without the pulse control technique suggesting that the secondary 
cavity is accessing gain which is not available to the primary cavity anyway.  Another important point 
to note from figure 3.8(b) is that the total output power (P1+P2) remains almost constant across the 
repetition rate range.  The near constant total output power points to near uniform extraction 
across the repetition rate range and is beneficial as it enables more consistent spatial quality of the 
laser output.   
Figure 3.9 shows the spatial output from the primary (left) and secondary (right) cavities at (a) 
500kHz, (b) 150kHz and (c) 10kHz.  Primary cavity output was TEM00 across the repetition rate range.  
Secondary cavity output was multimode in the horizontal with the cavity mode oscillating mainly in 
the wings at high repetition rates and filling out in the centre at low repetition rates.  
 
 
Figure 3.9: Spatial quality of the beams from the primary and secondary cavities at (a) 500kHz, (b) 150kHz and 
(c) 10kHz. 
 
Usually in pulsed systems the thermally induced lensing varies across repetition rates.  This is 
because the heat deposited in the gain medium (which induces thermal lensing) is affected by how 
much excitation is extracted by the laser cavity radiation.  The near uniform extraction of gain across 
the repetition rate range in the pulse control technique ensures a more consistent temperature 
distribution and less variation in thermal lensing.   
Figure 3.10(a) shows the pulse energy (left axis) and pulse duration (right axis) of the primary cavity 
Q-switched output.  From 800kHz to 80kHz the pulse duration decreases from 50ns to 17ns and from 
80kHz to 1kHz the pulse duration remains constant.  This fixing of the pulse duration to one value 
below 80kHz is consistent with the expected result of the clamping of the primary cavity gain.  The 
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pulse energy mirrors the pulse duration, increasing at lower repetition rates with a maximum pulse 
energy of 100μJ at 1kHz, and evidence of pulse energy clamping below ~80kHz.   
 
Figure 3.10: Results from the primary cavity with pulse control technique implemented showing (a) pulse 
energy and pulse duration and (b) peak power across the range of repetition rates. 
 
The peak pulse power is plotted in figure 3.10(b).  As with the pulse energy this increases at lower 
repetition rates with a maximum peak pulse power of ~6kW at 1kHz.     
The effect of the pulse control technique on the Q-switched output from the primary cavity can be 
seen by examining the temporal output from the primary cavity.  Figure 3.11 shows the temporal 
output from the primary cavity at a repetition rate of 100kHz before (black) and after (red) 
implementation of the pulse control technique.  Before, the laser output is a group of 3 small pulses 
comprised of what looks like a main pulse surrounded by small subsidiary pulses.  After 
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implementation of the pulse control technique the output is transformed to a clean single pulse with 
increased peak power.  Similar behaviour was seen at all other repetition rates between 1kHz and 
150kHz.  
 
Figure 3.11: Temporal traces of output from the primary cavity before (black) and after (red) implementation 
of the pulse control technique at 100kHz. 
 
It is interesting to examine the temporal output from the secondary cavity when this change is 
affected.  Figure 3.12 shows temporal output from the primary cavity (red) and secondary cavity 
(blue), again at a repetition rate of 100kHz.  Three Q-switched pulses from the primary cavity pulse 
train are shown in figure 3.12(a).  If we consider the second Q-switched pulse in the pulse train in 
figure 3.12(a), the AOM introduces high loss to the cavity from 5μs to 14μs before switching to its 
low loss state for 1μs.  The secondary cavity reaches threshold ~9μs and undergoes relaxation 
oscillations.  When the primary cavity Q-switched pulse is generated, lasing in the secondary cavity is 
extinguished as seen in figure 3.12(b).  At this time, the secondary cavity output has not reached a 
steady state.  It is thought that the result of this is to cause pulse jitter, but the extent to which this is 
the case has not yet been characterised.      
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Figure 3.12: Temporal traces of the output from the primary (red) and secondary (blue) cavities at 100kHz. 
 
Another useful capability of the pulse control technique is that it enables control of the pulse energy 
of the primary cavity Q-switched pulses.  Figure 3.13 shows the implementation of the pulse control 
technique to control the Q-switched pulse energy.  Three pulses of varying pulse energy are shown, 
all of which were produced using a pump power of 45.5W and at a repetition rate of 100kHz.  The 
only adjustment necessary to produce a change in pulse energy was to the alignment of the 
secondary cavity mirrors.  As discussed previously in this section, this alters the secondary cavity 
laser threshold and hence the level at which the primary cavity gain is clamped at.   
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Figure 3.13: Illustration of pulse energy control using the pulse control technique.  All the pulses shown were 
recorded at the same pump power (45.5W) and at 100kHz repetition rate. 
 
This section demonstrates experimentally the first implementation of the secondary cavity method 
for Q-switch pulse control.  The next section provides a numerical modelling/simulation of the 
method to gain further insight. 
 
3.7 Numerical modelling of the pulse control technique 
 
3.7.1 Laser rate equations 
 
Numerical modelling of the laser set-up utilising the pulse control technique (see figure 3.7) was 
undertaken to obtain a better qualitative understanding of the laser dynamics involved in the 
system.  The general rate equations describing the four level laser are; 
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where n is the population inversion which is equivalent to the upper laser level population N2 and 
will be denoted as such in the following analysis, φ is the photon flux density inside the cavity, Rp is 
the pump rate, T2 is the lifetime of the upper laser level, σ is the stimulated emission cross-section, c 
is the speed of light, τc is the cavity photon lifetime and S is a noise term from which stimulated 
emission originates.  To simulate Q-switching a square wave is used to describe the losses 
introduced by the AOM. 
In the pulse control technique two laser resonators are constructed around a single Nd:YVO4 gain 
medium.  To account for this, two photon flux equations must be included in the system of 
equations, one describing the primary cavity photon flux φ1 and one describing the secondary cavity 
photon flux φ2.  A few other modifications are also made to the equations in (3.2).  Firstly, c is 
replaced by      ,  where    is the roundtrip gain length and TR is the cavity roundtrip time.  
Secondly,  τc  is replaced with TR/ρ where ρ is the round-trip loss term which includes the intra-cavity 
loss (ρIC) and that due to output coupler transmission loss (T) and can be written as ρ = ρIC + T.  
Finally the noise term S is expressed as kseN2/T2 where kse is the proportionality coefficient for the 
fluorescence term and N2/T2 describes spontaneous emission from the upper laser level.  With these 
changes, the laser rate equations used to model the 1.1% Nd:YVO4 system with the pulse control 
technique implemented are written as;  
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Equation (3.3a) describes the rate of change of the upper laser level population N2 and includes the 
primary and secondary cavity laser fluxes φ1 and φ2.  Equations (3.3b) and (3.3c), describe the 
photon flux in the primary and secondary cavity respectively, with the indices 1 and 2 used on the 
parameters  ,   and TR to distinguish between them.  The parameter values used in the equation set 
(3.3a-c) for the numerical modelling are presented in table 3.2. 
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Table 3.2: Parameter values used in numerical simulations of the primary and secondary cavities. 
Parameter Symbol Primary Cavity Secondary Cavity 
Upper laser level lifetime T2 90μs 90μs 
Stimulated emission cross 
section at 1064nm (c axis) 
σc 11.4 x 10
-19cm2 11.4 x 10-19cm2 
Proportionality constant kse 1 x 10
-7 1 x 10-7 
Roundtrip gain length l 1.5cm 1.125cm 
Cavity roundtrip optical 
length 
L 129cm 67cm 
Cavity roundtrip time TR 4.3ns 2.2ns 
 
 
3.7.2 Numerical modelling results and discussion 
 
The numerical modelling was undertaken across the range of repetition rates for which experimental 
data was obtained in section 3.6; 1kHz – 800kHz.  The simulated output powers from the primary 
and secondary cavity are shown in figure 3.14.  In figure 3.14(a), the black dashed line shows the 
average output power from the Q-switched primary cavity when the secondary cavity photon flux is 
set to zero (φ2=0).  Allowing φ2 to evolve generates simulated results for the set-up with the pulse 
control technique implemented.  The red and blue curves in figure 3.14(a) show the average output 
power from the primary and secondary cavity respectively. These simulated results can be compared 
with those presented in figure 3.8, which shows the equivalent experimental results.  The general 
shapes of the simulated curves match well with the experimental data, showing good qualitative 
agreement.  The most notable difference is that the output power from the secondary cavity falls to 
zero at high repetition rates in the simulated data set.  This is not what is seen experimentally, 
where even at 800kHz the output power from the secondary cavity is ~1W.   
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Figure 3.14: Simulated Q-switching results from the pulse control set-up using a secondary cavity. 
 
Figure 3.15 shows the simulated pulse energy, peak pulse power and pulse duration of the primary 
cavity Q-switched pulses.  This data differs more noticeably from the equivalent experimental data 
shown in figure 3.10.  The simulated curves are flatter with the pulse energy, peak pulse power and 
pulse duration varying less over the repetition rate range.  The simulated values for pulse energy and 
peak power match the experimental values at 800kHz.  However at 1kHz, the simulated pulse energy 
and peak power have only reached approximately half that of the experimental value.  The 
simulated pulse duration matches its experimental counterpart at 1kHz but only increases to 35ns at 
800kHz (compared to the experimental pulse duration of 52ns)    
0 200 400 600 800
0
5
10
15
20
 
 
O
u
tp
u
t 
P
o
w
e
r 
(W
)
Repetition Rate (kHz)
0 200 400 600 800
0
5
10
15
20
 
 
P1 (no secondary cavity)
O
u
tp
u
t 
P
o
w
e
r 
(W
)
Repetition Rate (kHz)
P1 + P2
(b)
(a)
70 
 
 
Figure 3.15: Simulated results from the primary cavity with pulse control technique implemented showing (a)  
pulse energy and pulse duration and (b) peak power across the range of repetition rates. 
 
The pulse energy control demonstrated experimentally can be simulated by adjusting the gain length 
of the secondary cavity used in the numerical model.  Experimentally the pulse energy is controlled 
by adjusting the vertical adjust on the secondary cavity back mirror.  This changes the overlap of the 
secondary cavity laser mode with the gain region, affecting its ability to steal gain from the primary 
cavity and in turn the primary cavity Q-switched pulse energy.  The effect of changing the secondary 
cavity gain length on the primary cavity Q-switched pulse at 100kHz is shown in figure 3.16.  The 
black pulse is generated using a gain length of 0.875cm, the blue pulse using a gain length of 1cm 
and the red pulse using a gain length of 1.125cm.   
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Figure 3.16: Numerical modelling of pulse energy control using the secondary cavity technique.  Pulses 
obtained by varying the secondary cavity gain length. 
 
As expected and seen in the experimental results, decreasing the secondary cavity gain length 
results in an increase in the primary cavity Q-switched pulse energy and a corresponding decrease in 
the Q-switched pulse duration. 
 
3.8 Conclusion 
 
A technique for obtaining enhanced control of pulsing parameters (e.g. pulse repetition rate and 
pulse energy) from a Q-switched laser was presented and implemented in a diode pumped 
1.1%Nd:YVO4 bounce geometry laser.  The pulse control technique utilised a secondary laser cavity 
whose function was to clamp the gain in the primary cavity to a level such that it did not exceed Q-
switch hold off.  This was achieved by setting the secondary cavity laser threshold to a level below 
the maximum Q-switch hold off.  This allowed the primary cavity to be operated at low repetition 
rates without the gain building to an uncontrollably high level and also enabled the pulse energy to 
be controlled at a given repetition rate.  The experimental results from implementation of this 
technique in an acousto-optic (AO) Q-switched 1.1%Nd:YVO4 laser using the bounce amplifier 
geometry were presented.  Without the secondary cavity implemented, the laser delivered clean, 
single pulse Q-switched operation from 800kHz down to 150kHz from the primary cavity.  However, 
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below 150kHz clean single pulses were no longer obtained due to unwanted laser breakthrough 
occurring before Q-switching. To implement the pulse control technique a secondary laser cavity 
was constructed whose laser mode overlapped the gain region of the primary cavity but had a larger 
internal bounce (TIR) angle.  With implementation of the pulse control technique with the secondary 
cavity, single pulse Q-switched operation was obtained across the entire repetition rate range of 
1kHz to 800kHz.  The pulse energy and pulse duration of the Q-switched pulses ranged from 20μJ 
and 50ns at 800kHz, to 100μJ and 17ns at 1kHz.  Below 80kHz there was evidence of pulse energy 
and pulse duration clamping, consistent with the expected result of clamping of the primary cavity 
gain.  The total output power from the primary and secondary cavities (P1+P2) stayed almost 
constant across the repetition rate range.  This near uniform extraction of the gain resulted in the 
spatial quality of the primary cavity output remaining constant across all repetition rates with TEM00 
operation throughout.  The secondary cavity spatial output was good in the vertical but multimode 
in the horizontal with the cavity mode oscillating mainly in the wings at high repetition rates and 
filling out in the centre at low repetition rates.  Pulse energy control was also achieved by adjusting 
the threshold of the secondary cavity, allowing the pulse energy of Q-switched pulses from the 
primary cavity to be varied between 91μJ, 77μJ and 67μJ at a repetition rate of 100kHz.  Numerical 
modelling of the pulse control set-up with the primary and secondary laser cavities was undertaken 
and good qualitative agreement between the simulations and experiment was observed.   
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Chapter 4 
 
4. Introduction to erbium and 
mid-IR lasers 
 
4.1 Introduction 
 
The remainder of this thesis is concerned with DPSS lasers based on the trivalent rare earth ion, Er3+, 
operating on the ~3μm transition.  This is not the most common wavelength associated with erbium 
lasers, which are best known for their use in the telecom industry where erbium doped fibre lasers 
(EDFLs) and erbium doped fibre amplifiers (EDFAs) producing gain at 1.55μm are widespread [23, 
79].  However, lasing of the trivalent erbium ion at wavelengths close to 3μm has also attracted 
considerable interest in recent years [80-85]. This is primarily due to the strong absorption by 
water around this wavelength which makes erbium lasers at 3μm suitable for various medical 
and biological applications [20, 81]. One such use is in microsurgery where they can be used for 
precision cutting of tissue with minimal collateral damage [24, 86]. Another is in dentistry where 
they can be used for the ablation of both hard and soft dental tissue [87-89].  A further 
application for the erbium laser which is of particular interest here is as a pump source for 
optical parametric generation.  This technique can produce continuously tunable radiation in 
the 3-14μm region and can be exploited in areas such as spectroscopy, trace-gas detection, 
LIDAR (light detection and ranging), atmospheric sensing and security and defence [6, 7, 90, 91].  
In this capacity, erbium doped lasers allow radiation further into the mid-IR to be generated 
more easily than with traditional 1μm pumping.  A goal of this work was to develop a diode 
pumped erbium laser at a wavelength ~3μm which could be used as the pump source for an 
optical parametric oscillator (OPO) based on the ZGP material.  An OPO system which it could be 
incorporated in was developed by another group at Imperial College London under the 
supervision of Prof. Chris Phillips.  This device uses a lamp pumped Er,Cr:YSGG laser operating on 
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the 3μm transition as the pump source.  Although this lamp pumped erbium laser produced high 
energy pulses, it was only able to operate at repetition rates of 3Hz.  It was hoped that replacing this 
with a diode pumped erbium laser ~3μm would enable significantly higher repetition rates to be 
obtained (~100Hz).  This would open up the possibility of attaining video framing rates of data 
acquisition with potential for in-vivo measurements.  Moreover, the diode pumped erbium laser 
could be a more compact and efficient source.  
A peculiarity of the 3μm transition of the trivalent erbium ion is that the upper laser level 
possesses a shorter lifetime than the lower laser level.  According to classical laser theory this 
should make CW operation impossible and these systems should only operate in a pulsed self-
terminating mode [92-94]. However, owing primarily to the complex energy transfer processes 
which take place in erbium doped lasers, CW operation can been achieved [95].  These energy 
transfer processes will be discussed in detail in this chapter, alongside presentation of the 
energy level system of the trivalent erbium ion.  Before this, the motivations behind the 
development of mid-IR laser sources are discussed and other sources which generate mid-IR 
radiation are reviewed.  In the final section of the chapter the lamp pumped Er,Cr:YSGG laser 
mentioned in the previous paragraph is briefly described. 
 
4.2 Motivation for the development of mid-IR laser sources    
 
Lasers operating in the mid-IR region of the electromagnetic spectrum, described as covering the 
wavelength range between 2 - 20μm, are useful across a broad range of application areas [96].  
Interest in this spectral region is primarily due to three key features, which are the presence of 
atmospheric transmission windows, the absorption of various molecules and the absorption of 
bodily tissues across this wavelength range.  
Figure 4.1 shows the transmission of light through the atmosphere from the near- to mid-IR.  The 
atmospheric transmission windows, described as the spectral regions where percentage 
transmittance is high, are numerous in this wavelength range finding mid-IR lasers use in free space 
optical communications systems [97].  Some important molecular absorbances are also highlighted 
in figure 4.1.  These are caused by strong ro-vibrational absorption lines of molecules, or “molecular 
fingerprints”, and find mid-IR lasers applications in gas sensing, spectroscopy and security related 
applications [6, 44].  
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Figure 4.1:  Transmission of light through the atmosphere, with some important molecular absorption 
 features labelled [98]. 
 
The absorption of various tissues in the body in the mid-IR spectral region is shown in figure 4.2.  
Between ~700nm and 1μm lies what is known as the therapeutic (or Optical) window, defined as the 
wavelength range at which there is maximum penetration in tissues [99].  This is curtailed on the 
short wavelength end by absorption by two of the constituents of blood, oxyhaemoglobin (HbO2) 
and deoxyhaemoglobin (Hb).  On the long wavelength end penetration is limited by water 
absorption.  Another feature of note in figure 4.2 is the strong water absorption peak at ~3μm.  As 
discussed in the introduction to this chapter, this gives lasers operating at this wavelength suitability 
for use in medical and biological applications.  Furthermore, water absorption by tissue in the eye at 
wavelengths >1.5μm allows lasers operating here to be considered “eyesafe” [100].  This allows 
them to be used in applications such as rangefinding, laser countermeasures and as directed energy 
weapons in the defence and security industry. 
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Figure 4.2: Absorption spectra for the main chromophores found in body tissue [101].  
 
For these reasons, the development and investigation of lasers operating in the mid-IR spectral 
region is a highly active and important research area.  Some of the most important laser materials 
and technologies for generation of mid-IR radiation are discussed in the following section. 
 
 
4.3 Overview of mid-IR laser technology  
 
4.3.1 Optical parametric oscillators 
 
An important technology which can generate radiation in the mid-IR spectral region is the optical 
parametric oscillator (OPO).  This is a coherent light source which can offer wide wavelength 
tunability across 3-14μm and can achieve multiwatt output powers [14].  These devices are based 
on the nonlinear optical principle of optical parametric generation (OPG).  In this process, gain is 
achieved through parametric amplification in a nonlinear crystal exhibiting χ(2) nonlinearity. The 
nonlinear optical response of the χ(2) crystal when placed in an intense radiation field allows for the 
generation of new frequencies [14]. Therefore the pump source for an OPG must have high optical 
intensity and spatial coherence, making a laser most suitable for this application.  Figure 4.3 shows 
the process of optical parametric generation in a nonlinear crystal.  When the pump light of 
frequency ωp is incident on the nonlinear crystal, difference frequency mixing can occur between a 
pump photon and an idler photon, with a frequency ωi, originating from zero point fluctuations in 
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the crystal. This leads to generation of a new photon called a signal photon with a difference 
frequency of ωs [14].   
 
 
 
Figure 4.3: Optical parametric generation in a Χ
(2)
 nonlinear crystal. 
 
 
The law of conservation of energy leads to the following relation between the pump, signal and idler 
photon frequencies; 
                                                                           (4.1) 
 
and conservation of momentum leads to the phase matching condition, 
 
                                                                           (4.2) 
 
where kp, ks and ki are the wave numbers of the pump, signal and idler photons respectively [21]. 
This can also be written in the form, 
 
                                                                      (4.3) 
 
where np , ns , and ni are the refractive indices at the pump, signal and idler frequency respectively. 
This condition, which must be met in order for significant parametric amplification to take place, can 
usually be achieved through utilisation of birefringence and dispersion.  For this process to be 
utilised in an OPO, the nonlinear crystal is placed in an optical resonator which allows one or both of 
the signal/idler waves to oscillate. 
 
An important feature of an OPO is the ability for the wavelength to be tuned over a large range. For 
a fixed input wavelength, small changes to the refractive index lead to new signal and idler 
wavelengths being produced in order for the phase-matching condition to be fulfilled. Tuning of an 
pump, ωp
residual pump, ωp
signal, ωs=ωp-ωi
idler, ωi
Χ(2) nonlinear crystal
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OPO can be accomplished via a number of techniques.  The first makes use of the angular 
dependence of birefringence in anisotropic materials to achieve wavelength tuning. In an anisotropic 
crystal the index of refraction, in addition to being wavelength dependent, is determined by the 
direction of propagation of the light [14]. Hence, by changing the input angle of the pump beam with 
respect to the optic axis of the crystal the wavelength can be smoothly tuned. Temperature tuning 
can also be employed owing to the temperature dependence of refractive index in some crystals and 
a limited tuning range can be achieved through electro-optic variation of the refractive indices [14].  
Although OPOs would traditionally be pumped using established 1μm laser devices, there are 
benefits associated with pumping at longer wavelengths.  Using 2-3μm laser sources, for example, 
can allow the OPO to be operated more efficiently at wavelengths further into the mid-IR where the 
conversion requires a smaller step in wavelength. 
 
4.3.2 Quantum Cascade Lasers    
 
Another technology which can access a large wavelength range in the mid-IR spectral region is the 
quantum cascade laser, or QCL.  These are semiconductor lasers whose active cores implement a 
multiple quantum well structure and are embedded in a waveguide [102-104].  A simplified 
schematic of the gain region of a QCL is shown in figure 4.4.  An electron (shown in red) is injected 
into the gain region of the first quantum well and undergoes an intersubband transition which 
produces a laser photon (shown in purple).  A non-radiative transition then takes the electron to the 
lowest energy level of the quantum well where it tunnels to the next quantum well and the whole 
procedure is repeated.  This happens many times over, with these structures containing tens of 
quantum wells to obtain multiple photons per injected electron and high optical gain [102].   
 
 
 
Figure 4.4: Simplified schematic of a section of the gain region of a QCL [102]. 
injected
electron
laser 
photonnon-radiative
transition
quantum 
tunneling
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The wavelength of a QCL laser depends on the difference between the confinement energies of the 
individual electronic states and can be controlled by appropriate design, for example by tailoring the 
thickness of the quantum wells [102, 105].  This allows the emission wavelength to be chosen to suit 
a given application requirement with the achievable wavelength range of quantum cascade lasers 
currently from ~3–25 μm, as well as the terahertz regime (100μm-1mm) [105].   
 
 
4.3.3 Mid-IR lasers based on the transition metal ions chromium (Cr2+) and iron (Fe2+) 
 
Solid-state lasers based on transition metal ions such as Cr2+ or Fe2+ doped into chalcogenide crystals 
(e.g. ZnSe, ZnS, CdSe, CdMnTe) are another viable option for obtaining emission in the mid-IR [106-
108].  These vibronic lasers produce radiation in the 2–6 μm spectral region and have broad 
absorption and emission spectra [6].  Figures 4.5 and 4.6 show the room temperature absorption 
and emission spectra for Cr2+ and Fe2+ respectively, doped into various chalcogenide hosts.    The 
insets illustrate the temperature dependence of the Cr2+ and Fe2+ ion lifetimes in these hosts.   
 
 
Figure 4.5: Normalised room temperature absorption and emission spectra of Cr
2+
 in various crystal hosts,  
with inset showing temperature dependence of Cr
2+
 ion lifetimes in these hosts [106]. 
80 
 
 
The Cr2+ doped materials show extremely broad emission bands giving potential for tuning ranges in 
excess of 1000nm, as well as making them attractive for ultrashort pulse generation [106, 109-111].    
Furthermore, these Cr2+ doped materials have broad absorption bands centred around ~1800nm 
(Cr:ZnSe), ~1700nm (Cr:ZnS) and ~1900nm (Cr:CdSe) which makes them suitable for pumping by 
various sources including Tm3+-doped lasers emitting at 1.9 μm, erbium doped fibre lasers at 1.55 
μm, or infrared laser diodes [106, 111].  The doping of chalcogenides with Fe2+ rather than Cr2+ 
provides laser emission at longer wavelengths in the ~4–6 μm spectral range and absorption bands 
shifted into the mid-IR also.   
 
 
 
Figure 4.6: Normalised room temperature absorption and emission spectra of Fe
2+
 in various crystal hosts,  
with inset showing temperature dependence of Fe
2+
 ion lifetimes in these hosts [106]. 
 
 
These lasers show even broader absorption and emission characteristics than the Cr2+ lasers, with 
Fe:ZnSe showing an emission band of ~1600nm and Fe:CdMnTe showing an absorption band of 
~1900nm.  However, pumping sources are less readily available for these materials with peak 
absorptions in the range of 3μm and 4μm for the two materials in figure 4.6.  Another disadvantage 
of Fe2+-doped lasers is demonstrated in the inset of figure 4.6.  Here the Fe2+ ion lifetime 
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dependence with temperature is plotted and it can be seen that this drastically decreases between 
100K and 300K.  Therefore these lasers suffer from strong multiphonon quenching at room 
temperature limiting the lasing capabilities [106, 112].  
 
 
4.3.4 Mid-IR lasers based on the rare earth ions holmium (Ho3+), thulium (Tm3+) and 
erbium (Er3+) 
 
Tm3+-doped lasers are well known to provide tunable emission in the 1.9–2μm spectral region.  CW 
and pulsed Tm3+ lasers have produced good results in diode pumped fibre and crystalline formats [6, 
113].  Pumping at near 800nm allows a cross relaxation process to produce two excitations in the 
~2μm upper laser level for just one pump photon.  This has allowed efficiencies greater than the 
Stokes limit to be obtained from these systems.  For example, a 68% slope efficiency was obtained 
from a Tm3+-doped germanate glass fibre laser emitting 64W of CW output power at 1.9μm from 
100W of pump power at 800nm [114].  High powers are also possible from bulk lasers based on the 
Tm3+ ion.  Lai et. al. obtained 120W CW output power from a diode pumped Tm3+:YAG rod laser 
operating at 2.01μm [115].  The spatial quality of the beam from this system was not good however, 
with Mx
2 = 21 and My
2 = 14. 
 
Lasers based on the Ho3+ ion can produce output in the 1.95–2.15 μm range with the 5I7 →
5I8 
transition and in the 2.85–3.05 μm range with the 5I6 → 
5I7 transition [6].  For lasing at ~2μm, the 
Ho3+ laser must be pumped by 1.9μm radiation.  To enable direct diode pumping, Tm3+ is therefore 
used as a sensitizer ion, absorbing pump radiation at ~790nm and transferring this energy to the 
Ho3+ ion.  This system suffers from upconversion losses and a large thermal load at the high pump 
levels needed to achieve gain at room temperature however.  For this reason, as well as other 
advantages such as a more favourable quantum defect, direct pumping of the Ho3+ 2μm upper laser 
level is sometimes preferred.  This can be achieved using Tm3+-doped lasers as pump sources.  For 
example, Dergachev et. al. obtained CW output powers of 43W and Q-switched pulse energies of 
45mJ at 400Hz at a wavelength of 2.05μm when using a 100W CW Tm3+:fibre laser operating at 
1.9μm  [116].  Ho3+ lasers can also operate in the 3-μm range.  However systems based on this 
transition are less common due to the transition being self terminating.  
 
The Er3+ active ion is well known for its laser transition providing emission ~1.6μm.  However, lasing 
can also be obtained in the mid-infrared spectral region, with wavelengths from 2.58–2.94μm 
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achievable depending on the host material [6].  DPSS laser systems based on the Er3+ ion operating 
at ~3μm is the topic of the experimental and theoretical work presented in chapters 5-7 of this 
thesis.  Therefore these lasers are given a more detailed introduction in the following sections.  
 
 
4.4 Trivalent erbium ion doped lasers at the 3μm transition 
 
4.4.1 Erbium laser theory 
 
The theory of operation at the 3μm transition in Er3+-doped lasers is described in this section.  
Figure 4.7 is a simplified energy level diagram of the Er3+ ion [95].  Laser output on the 3μm and 
1.6μm transitions are denoted by the purple arrows.  Emission at ~1.6μm is due to a transition 
between the first excited state (4I13/2) and the ground state (
4I15/2).  Laser output near 3μm is due 
to a transition between the second (4I11/2) and the first (
4I13/2) excited states of the Er
3+ ion [81, 
117]. A peculiarity of this transition is that the upper laser level has a shorter lifetime than the 
lower laser level. According to classical laser theory this should make CW operation impossible 
and these systems should only operate in a pulsed self-terminating mode. However, CW 
operation can be achieved and the primary mechanisms allowing for this are co-operative energy 
transfer upconversion (ETU) and thermalisation [81]. 
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Figure 4.7: A simplified energy level diagram for the trivalent erbium ion. 
 
The main energy transfer processes which take place in erbium ion lasers are shown in figure 4.7 as 
dashed arrows.  The two mechanisms represented by blue dashed arrows, labelled W11 and W22 are 
co-operative ETU processes which originate in the upper and lower laser levels of the 3μm 
transition. Co-operative energy transfer upconversion (ETU) was described in chapter 2 as the 
interaction of two neighbouring ions in the same energy state resulting in promotion of one to a 
higher lying energy level and de-excitation of the other to a lower energy level.  These processes act 
such that the overall effect is that ions are recycled from the lower to the upper laser level, 
increasing the efficiency of the laser transition [117].  There are two main ETU processes which act in 
highly doped erbium lasers. The first process takes place from the 4I13/2 level,  
 
(4I13/2 + 
4I13/2) ↔ (
4I15/2 + 
4I9/2)                                                      (4.4)  
 
and is quickly followed by a rapid multiphonon decay;  
 
4I9/2 → 
4I11/2     .                                                                  (4.5) 
 
~966nm
pump
3μm 
transition
1.6μm 
transition
0
1
2
3
4
5
6
W11
W11
W22
W22
W05
W05
4I15/2
4I13/2
4I11/2
4I9/2
4F9/2
4S3/2
2H11/2
4F7/2
84 
 
The overall effect of this is to remove two excitations from the lower laser level and add one to the 
upper laser level [95, 117, 118].  It is this process that has been shown to stop the self termination of 
the 3μm transition [119]. The second ETU process,  
 
(4I11/2 + 
4I11/2) ↔ (
4I15/2 + 
4F7/2)                                                    (4.6)  
 
causes depletion of the upper laser level. The efficiency of the 3μm laser transition is dependent on 
the balance between these two processes [95].  In addition to these ETUs, there is a cross relaxation 
processes which should be mentioned. This involves an ion from one of the thermally coupled 4S3/2 
or 2H11/2 levels undergoing cross relaxation with a ground state ion,  
 
(4S3/2 or 
2H11/2 + 
4I15/2) ↔ (
4I9/2 + 
4I13/2)                                             (4.7)  
 
and is followed by a multiphonon decay;  
4I9/2 → 
4I11/2     .                                                                (4.8) 
This acts to populate both the upper and lower laser levels and therefore aids both upconversion 
mechanisms [9].  There are in fact other energy transfer processes which occur in the erbium system 
including inverse processes for each of the mechanisms described.  However these have less of an 
effect on laser operation and so for simplicity are not considered here.  
In addition to the energy transfer processes, thermalisation of the stark sub-levels also plays an 
important role in the laser operation of erbium doped materials. The splitting of the upper and lower 
laser levels into sub-manifolds of stark levels is shown in figure 4.8.   
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Figure 4.8: Splitting of the upper and lower laser levels of the 3μm transition. 
The population of these sub-levels, represented by the dashed red line, follows the Boltzmann 
distribution,  
  
 
 
   
 
  
     
 
     
 
  
     
 
                                                                    (4.9)  
where Ni/N is the fractional population of a set of states i with energy Ei and degeneracy gi, T is the 
temperature in Kelvin, N is the total population of the states and kB is Boltzmann’s constant [120]. 
The effect of this is that the lowest energy stark levels accumulate the greatest fraction of the 
available population.  This phenomenon allows a population inversion to be created between two 
stark sub-levels even if macroscopic inversion does not occur, favouring transitions terminating in 
the highest lying stark levels [81]. 
 
4.4.2 Previous research into erbium lasers at 3μm 
 
High output power has been reported from an erbium doped laser by Dergachev et al. [121]. In this 
set-up, two 40W diode lasers were employed to side pump a face cooled 15at.% Er:YLF crystal. 
Utilising a three pass geometry yielded 4W of CW output power and as high as 12% optical-to-optical 
efficiency, with tunability through 11 different transitions spanning 2716-2836nm. This set-up was 
an improvement of a system previously employed by the same group which yielded output powers 
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of 1.8W at 2810nm.  In this work the crystal had a greater thickness and face cooling was not applied 
to it. This led to greater thermal stress on the crystal and consequently a less efficient system. Over 
1W of CW output power has also been obtained from Er:YLF by other groups. Using a fibre-coupled 
diode laser bar to end pump a 15at.% Er:YLF crystal, Jensen et. al. achieved 1.1W of CW output 
power [122]. This system had a slope efficiency of 35%, equal to the quantum defect of the laser.  
Of all the erbium hosts, YAG has been the most extensively researched due to its wavelength 
matching the water absorption peak near 3μm most closely. The highest output power reported 
from a diode pumped Er:YAG system to date was obtained by Ziolek et al.  [24]. This set-up utilised 
the bounce geometry, with three quasi continuous wave (QCW) stacked-array diode lasers side 
pumping a 50 at.% Er:YAG crystal. Total internal reflections (TIRs) took place at each of the pump 
faces yielding average output powers of up to 3.2W at 100Hz. Hamilton et al. have obtained average 
output powers of up to 1.3W by side pumping a 50 at.% Er:YAG crystal with a laser diode array  [80]. 
This set-up again utilised the bounce geometry, but here a single TIR at the pump face was used. This 
power was achieved by reducing the cavity length from its original value of 4cm to 2.5cm and halving 
the thickness of the crystal in order to counteract the strong thermal lensing. Output powers of over 
1W have also been achieved using end pumped schemes. Da-Wun Chen et al. have obtained CW 
output powers of up to 1.15W and a slope efficiency of 34% from a diode laser end pumped 
monolithic Er:YAG crystal [20]. Attempts to counteract the strong thermal lensing in erbium lasers 
using improved cooling techniques have been made by Page et al. using an Er:YAG crystal [123]. In 
these experiments, a sapphire plate diffusion bonded to the pump face of the crystal monolith was 
used to remove heat directly from the region of greatest heating, thereby reducing the thermal 
gradient across the crystal. Average output powers of up to 1.16W were obtained with this system. 
Using YSGG as the crystal host has thus far yielded lower powers than those obtained with YAG and 
YLF.  Liu et al. have obtained CW output powers of 50.2mW from an end pumped Cr,Er:YSGG system 
[83]. When operating in QCW mode, a maximum average power of 169mW was obtained at a 
repetition rate of 100Hz. The maximum laser pulse energy from the system was 1.95mJ. This was 
attained using a lower repetition rate of 50Hz in order to reduce thermal lensing.  Waarts et al. have 
obtained output powers of up to 900mW using a laser diode array to pump an Er:YSGG microlaser 
array made up of 30 at.% Er:YSGG monolithic microchip lasers [82]. 
In addition to the work done using YLF, YAG and YSGG, there has been research into a number of 
other garnet hosts including GGG and GSGG. Laser operation from monolithic Er:YSGG, Er:GGG and 
Er:YAG cavities has been demonstrated by Dinerman et al. [81]. Using two polarisation combined 1W 
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laser diodes as the pump source, output powers of 511, 293 and 171mW were obtained from 
Er:YSGG, Er:GGG and Er:YAG respectively with slope efficiencies of 26%, 19% and 12% [38].  End 
pumping of a monolithic 30at.% Er:GSGG crystal with a Ti:sapphire laser yielded a slope efficiency of 
36%, again implying a greater than unity quantum efficiency [85]. 
 
4.4.3 Comparison of thermal, mechanical and spectroscopic properties of Er:YAG and 
Er:YSGG  
 
In comparison with YAG, the most intensively researched of the garnet hosts, YSGG exhibits 
promising characteristics for construction of an efficient laser system [81].  As noted in the previous 
section, Dinerman et al. have reported Er:YSGG to have both a higher slope efficiency and lower 
laser threshold than both Er:GGG and Er:YAG [81].  In fact, of these three lasers Er:YAG was observed 
to have the lowest slope efficiency and the highest laser threshold by a considerable margin.  
 
Although promising performance has been obtained from erbium lasers, there are factors which can 
cause problems for the efficient operation of these systems. For example, in comparison with other 
solid state lasers such as Nd:YVO4, erbium lasers have a very low gain profile. This increases the 
effect of intracavity losses and necessitates the use of a highly reflective output coupler, leading to a 
decrease in extracted power.  Another potential difficulty is that erbium lasers have high quantum 
defects.  This, in conjunction with strong ETU, leads to heat generation due to non-radiative decays 
and causes significant thermal lensing which can limit power scaling in these systems due to crystal 
fracture [56].  
 
Table 4.1 contains some important thermal, mechanical and spectroscopic properties of the 50at.% 
Er:YSGG and 50at.% Er:YAG laser crystals. 
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Table 4.1: A comparative table of thermal, mechanical and spectroscopic properties of 50at.% Er:YSGG and 
50at.% Er:YAG [81, 84, 124]. 
 50at.% Er:YSGG 50at.% Er:YAG 
Laser Wavelength (nm) 2797 2936 
Upper Laser Level Lifetime at 300K (ms) 1.3 0.12 
Lower Laser Level Lifetime at 300K (ms) 3.4 7.25 
Absorption Coefficient (cm-1) 15 12 
Thermal Expansion Coefficient (10-6K-1) 8.1 9.0 
dn/dT (10-6K-1) 12.3 7.3 
Thermal Conductivity (W/mK) 8 7.6 
The thermal characteristics of the Er:YSGG and Er:YAG crystals are not dissimilar.  However, where 
they differ significantly is in their laser level lifetimes.  As discussed, the lower laser level in these 
systems has a longer lifetime than the upper laser level.  However, the ratios of the lower and upper 
laser levels for Er:YSGG and Er:YAG differ greatly, at 2.6 and 60 respectively. This more favourable 
laser level lifetime ratio suggests that using YSGG over YAG as the host crystal could lead to a more 
efficient laser source. As well as this, Er:YSGG has a longer upper laser level lifetime for greater 
energy storage potential, which could be essential for Q-switching of the system.  Another important 
consideration for the bounce geometry is the absorption coefficient.  Although this does not vary 
greatly between the two laser crystals, Er:YSGG does have a slightly greater absorption coefficient 
than Er:YAG. 
 
4.4.4 Lamp Pumped Er,Cr:YSGG laser 
 
In the final section of this chapter, the lamp pumped Er,Cr:YSGG laser introduced in section 4.1 is 
described for completeness.  Figure 4.9 is a schematic of the lamp pumped laser [125].   
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Figure 4.9: Schematic of the lamp pumped Er,Cr:YSGG laser source and associated electronics. 
 
The active element is an Er3+,Cr3+:Er:YSGG rod.  Pulsed operation from the system is achieved using a 
combination of Q-switching, mode-locking and cavity dumping techniques.  The system is pumped 
by visible flashlamp pulses of 10J at a repetition rate of 3Hz.  This energy is absorbed by the Cr3+ ions 
and transferred to the 3μm upper laser level of the Er3+ ion.  Q-switching of the laser is achieved 
using an electro-optic LiNbO3 crystal.  With a continuous 1.5kV bias applied, the light experiences a 
90o rotation of polarisation allowing population inversion to build up in the active element. Upon 
application of a 100μs, 1.5kV pulse of opposite polarity to the bias, the polarisation of the light is 
now unrotated and Q-switched laser pulses ~100ns duration are produced.  To obtain higher 
intensity laser pulses, the Q-switched pulse is actively mode-locked using a second LiNbO3 crystal 
producing laser pulses with durations down to 90ps.  The mode-locked pulse train contains a wide 
range of pulse energies so cavity dumping is used to choose the strongest pulse in the train which is 
diverted out of the cavity via a copper mirror.  The output of this system is a train of pulses at a 
repetition rate of 3Hz with energies of 0.7mJ and 100ps duration.  The final step is to amplify these 
pulses in another Er,Cr:YSGG crystal, increasing the pulse energy from 0.7mJ to 3mJ. 
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4.5 Conclusion 
 
This chapter has introduced trivalent erbium ion (Er3+) doped lasers operating at the 3μm transition 
which are the topic of the experimental and numerical modelling work undertaken in chapters 5, 6 
and 7.  The motivation behind the development of lasers in the mid-IR spectral range was discussed 
and an overview of sources of mid-IR radiation presented.  The theory underpinning the erbium laser 
at ~3μm was presented with a description of the important energy transfer processes which allow 
for operation on this transition.  Some thermal, mechanical and spectroscopic parameters were 
compared for the two erbium laser materials, Er:YSGG and Er:YAG, to be investigated in the 
following chapters.  It was concluded that the Er:YSGG crystal possessed some properties which may 
lead to a more efficient laser.  Especially notable among these was the long upper state lifetime of 
Er:YSGG which could result in superior Q-switching performance from this laser.   
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Chapter 5 
 
5. Comparison of free-running 
diode pumped Er:YSGG and 
Er:YAG bounce geometry lasers at 
the 3μm transition 
 
5.1 Introduction 
 
In the first of the Er3+-doped laser experimental chapters a comparative study is undertaken of two 
erbium lasers, both operating in the bounce geometry at the 3μm transition.  These are based on 
the Er:YSGG and Er:YAG laser crystals which were discussed in chapter 4, where various thermal, 
mechanical and spectroscopic parameters were presented.  It was suggested here that the Er:YSGG 
material could provide some important advantages over the more widely used Er:YAG laser crystal.  
As stated in chapter 4, a goal of the experimental erbium laser work was to develop a Q-switched 
3μm source which could potentially be used for OPO pumping.  The significantly longer upper laser 
level lifetime of Er:YSGG compared to Er:YAG (1.3ms vs 120μs) could be beneficial for this, providing 
better energy storage potential which could translate into superior Q-switched operation.  Moreover 
the shorter lower laser level lifetime of Er:YSGG compared to Er:YAG (3.4ms vs 7.25ms) could prove 
advantageous in reducing likelihood of self-termination of the 3μm transition.  In this chapter the 
two erbium lasers are constructed in a compact bounce geometry set-up with quasi continuous 
wave (QCW) diode pumping and their performance is compared.   
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5.2 Compact bounce geometry Er:YSGG and Er:YAG lasers with diode 
pumping at 966nm  
 
The experimental set-up for the Er:YSGG and Er:YAG lasers is shown in figure 5.1.  This utilised the 
diode pumped bounce geometry with a compact resonator of physical length, L~30mm.  This simple 
and compact set-up with no additional optics included in the cavity was chosen to minimise intra-
cavity losses. 
 
 
Figure 5.1: Schematic of the compact cavity set-up for the Er:YSGG and Er:YAG lasers using the bounce 
geometry. 
 
The two laser crystals under investigation were a 50 at.% Er:YSGG slab and a 50 at.% Er:YAG slab, 
both with dimensions of 20mm x 5mm x 2mm.  In these crystals the Er3+ ions replaced Y3+ ions in the 
crystal lattice and the high doping level was critical in enabling the energy transfer processes 
necessary for efficient 3μm operation to occur.  The laser crystal end faces were cut at 22° to the 
pump face normal resulting in an internal bounce angle θB ~6° when light entered at Brewster’s 
angle.  The slabs were cooled transversely via the large top and bottom (20mm x 5mm) faces using a 
copper holder and heat sink.  Each laser slab was sandwiched between the top and bottom plate of a 
copper mount, with a 100μm layer of indium on each surface to improve contact between the 
different materials of the laser slab and holder.  This holder was mounted onto a copper heat sink 
which was water cooled.   
OC
50at.% Er:YSGG/Er:YAG
HR
θB22°
Diode 
Pumping
VCLD (f=25mm)
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Quasi-continuous wave (QCW) diode pumping was employed in this set-up, using two single diode 
bars with a central wavelength of 966nm and with fast axis collimation.  Figure 5.2 shows how this 
dual diode pumping was implemented.   
 
 
Figure 5.2: Implementation of dual diode pumping. 
 
Diode 1 was directed at a small angle towards the 20mm x 2mm face of the laser slab.  The output 
from Diode 2 was directed towards the laser crystal using a turning mirror with high reflectivity (HR) 
at 966nm, at an angle that mirrored that of the first diode bar.  These both passed through a single 
vertical cylindrical lens (VCLD) with a focal length of 25mm, anti-reflection coated for the pump 
wavelength, which created a horizontal line focus on the crystal pump face.  The compact cavity was 
formed using two plane mirrors, a high reflectivity (HR) back mirror and partially transmitting output 
coupler (OC). 
Figure 5.3 shows the output pulse energy obtained from the 50at.% Er:YSGG and 50at.% Er:YAG 
compact cavity lasers for a range of different output coupler transmissions (TOC).  Pump pulse 
durations of 1.15ms and pump pulse repetition rates of 14Hz were used throughout.   
  
VCLD
(f=25mm)
Diode 2 HR at 
966nm
Laser crystal
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Figure 5.3: Output pulse energy from the QCW diode pumped (a) 50at.% Er:YSGG and (b) 50at.% Er:YAG  
lasers using a compact bounce geometry set-up, with various output coupling transmission Toc. 
 
The best performance was obtained from the 50at.% Er:YSGG laser which showed the highest pulse 
energies and slope efficiencies alongside the lowest laser thresholds.  Figure 5.3(a) shows the pulse 
energy from the 50at.% Er:YSGG laser against pump pulse energy for TOC = 1, 2, 8 and 13%.  In this 
laser, the output coupler transmission did not greatly affect the laser threshold, which remained 
~50mJ for all values of TOC.  The output coupler with the lowest transmission (TOC = 1%) resulted in a 
slope efficiency of 4.5% and a maximum output pulse energy of ~14mJ at the maximum pump pulse 
energy of 331mJ.  Increasing the output coupler transmission led to an increase in the slope 
efficiency, with the best performance obtained using TOC=13%.  With maximum pumping, this 
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yielded pulse energies ~55mJ and a slope efficiency of 20.5%.  All of the data plots in figure 5.3(a) 
show a linear increase in output pulse energy with pump pulse energy.  This suggests that higher 
output coupler transmissions would further increase the laser efficiency and output.  Furthermore, 
the absence of roll-over suggests that higher pulse energy could be attained by simply increasing the 
pump energy. 
Figure 5.3(b) shows the comparable results from the 50at.% Er:YAG laser, with TOC=13% omitted as 
the system did not reach threshold with the pump power available.  The best results were obtained 
using TOC=2%, where output pulse energies ~31mJ were achieved at maximum pumping with a slope 
efficiency of 12.6%.  As with the 50at.% Er:YSGG laser, the output pulse energy increased linearly 
with pump energy for all TOC’s.  However, the slope efficiency decreased significantly with TOC=8%, as 
did the laser threshold.  In fact, significantly higher laser thresholds were observed with all output 
couplers in the Er:YAG laser compared with Er:YSGG.  For example, with TOC=1%, the Er:YAG laser 
had a threshold of ~65mJ.  This compares with a threshold of ~25mJ for TOC=1% from the Er:YSGG 
laser.  For TOC=8%, the difference in laser threshold was even greater with a threshold of ~190mJ for 
Er:YAG compared to ~35mJ for Er:YSGG.   
 
5.2.1 Spatial beam profiling of the erbium lasers 
 
Visualising and characterising the spatial profile of the erbium laser beams was challenging 
because no camera was available to us which could detect the 3μm radiation.  To see the 
general spatial structure of the erbium laser beams, thermal paper which changes colour when 
exposed to heat was used.  Passing the thermal paper through the cross-section of the laser 
output created black burn marks in the shape of the beam.  From this, the vertical beam quality 
of both erbium lasers looked very good but two separate lobes were present in the horizontal.  
To quantitatively characterise the spatial profile of the erbium laser beams, measurements of 
the M2 beam quality factor were carried out. 
 
The M2 parameter gives a measure of the quality of a laser beam in comparison with an ideal 
Gaussian beam, with its value indicating how close the beam is to being diffraction limited [126].  
To obtain the M2 values for the horizontal (Mx
2) and vertical (My
2) spatial profiles of the erbium 
laser beams, the 10%-90% knife-edge method was used. This method is valid for arbitrary beam 
profiles and no assumptions are made as to the Gaussian nature of the beam [126]. In the knife 
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edge method, the laser is focused by a lens and the width of the beam at a number of positions 
around the focus is measured.  These values are then plotted against their distance from the 
lens and the following non-linear function is fit to the data using an iterative procedure, 
 
         
        
 
     
             
       .                       (5.1) 
 
Here Wx,y is the second-moment based beam width at a position zx,y along the z-axis, λ is the 
wavelength of the laser, W0x,y is the beam waist and z0x,y is its position along the z-axis.  Figure 
5.4 shows the experimental set-up used to obtain the necessary measurements to calculate the 
Mx,y
2 of the 50at.% Er:YSGG and 50at.% Er:YAG laser beams. 
 
 
Figure 5.4: Experimental set-up for beam profiling of the erbium lasers. 
 
 
The beam was sent through a concave lens of focal length f=10cm before propagating through 
an adjustable width slit positioned approximately at the beam focus. The slit was mounted on 
two translation stages.  The first allowed the slit to be moved across the beam cross-section in 
the x direction and had ~6mm of travel.  The second enabled the slit to be translated in the z-
direction, through the focus of the beam, and had ~30cm of travel.  A power meter was placed 
after the slit to measure the power which had been allowed to propagate through it. Initially the 
adjustable width slit
translation stage
lens, f=10cm
laser beam
power 
meter
x
z
~10cm
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slit was open to its full extent such that the entire beam could pass through and this initial 
power was recorded. The slit width was then decreased and repositioned in the x-direction until 
the reading on the power meter was maximised. This ensured that the beam fell centrally onto 
the slit. The slit width which obtained a 20% decrease in the initial power was recorded and this 
gave the beam diameter.  In the 10%-90% knife edge method, a knife edge is used to measure 
the positions where power drops to 90% and 10% of its initial value and the distance between 
them gives the beam diameter. This is equivalent to the method carried out here. Beam 
diameter measurements were repeated at a number of z positions either side of the beam 
focus, with a higher density of measurements taken close to the focus. To characterise the 
vertical beam profile, this method was repeated with the slit rotated by 90° in the x-y plane.  
To use these measurements in equation 5.1 they were converted to second-moment based 
beam widths by multiplying by 1.561/2 [126]. Figure 5.5 shows these horizontal and vertical 
beam widths plotted against the lens to slit distance for the 50at.% Er:YAG laser. 
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Figure 5.5: (a) Vertical and (b) horizontal beam widths plotted against lens to slit distance for the 50at.% 
Er:YAG laser beam. 
 
The laser output was TEM00 in the vertical with My
2 ~1 but multimode in the horizontal resulting 
in a higher Mx
2 ~5. Considering the two lobed horizontal spatial structure observed on the 
thermal paper this was not unexpected.  The horizontal and vertical beam widths plotted 
against lens to slit distance are shown in figure 5.6 for the 50at.% Er:YSGG laser. 
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Figure 5.6: (a) Vertical and (b) horizontal beam widths plotted against lens to slit distance for the 50at.% 
Er:YSGG laser beam. 
 
As with the Er:YAG laser, the vertical beam quality was very good (My
2  ~1.5) and the horizontal 
beam profile was multimode with Mx
2 ~9.  Usually in bounce geometry lasers the horizontal 
beam quality can be improved through adjustments to the cavity geometry.  This was not 
attempted here because the significant thermal lens associated with the erbium lasers made 
extending the cavity without the resonator becoming unstable difficult. 
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5.2.2 Erbium laser wavelengths 
 
For a full characterisation of the 50at.% Er:YSGG and 50at.% Er:YAG laser output the spectral content 
was measured.  This was undertaken using a one-metre grating spectrometer (Hilger and Watts 
Monospek 1000).  The erbium laser beams were sent through the hand-driven spectrometer in turn 
and the output from the spectrometer was observed on a PbSe detector.  This detector had 
sensitivity between 1.5μm and 4.8μm, with peak sensitivity at 4μm as shown in figure 5.7 which is a 
graph of photosensitivity of the detector versus wavelength.  The rise time (0-63%) of the detector 
was 35μs and the active area was 2mm x 2mm. 
 
 
Figure 5.7: Photosensitivity of the PbSe preamplified detector used to detect the output from  
the erbium lasers. 
 
The spectral content of the 50at.% Er:YSGG laser was investigated first.  This laser operated at a 
single wavelength of 2.797μm and a temporal trace of the signal detected on the PbSe detector is 
shown in figure 5.8.   
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Figure 5.8: Single wavelength of 50at.% Er:YSGG laser detected at 2797nm at pump pulse energy of 200mJ. 
 
For the 50at.% Er:YAG laser, signals were detected at four different wavelengths; λ1 = 2.699μm, λ2 = 
2.803μm, λ3 = 2.830μm and λ4 = 2.936μm.  The temporal traces of these signals obtained with the 
PbSe detector are shown in figure 5.9.  
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Figure 5.9: Temporal traces of the diffracted signals from the Er:YAG laser taken at a pump energy of 177mJ. 
 
The output from the Er:YAG laser scanned in time from λ1 (figure 5.9(a)) to λ2/λ3 which lased 
simultaneously (figure 5.9(b)), before settling on λ4 (figure 5.9(c)) which contained the majority of 
0  0.2 0.4 0.6 0.8 1  1.2
0  
1  
2  
3  
4  
Time (ms)
P
o
w
e
r 
(a
rb
. 
u
n
its
)
0  0.2 0.4 0.6 0.8 1  1.2
0
1
2
3
4
Time (ms)
P
o
w
e
r 
(a
rb
. 
u
n
its
)
0  0.2 0.4 0.6 0.8 1  1.2
0
1
2
3
4
Time (ms)
P
o
w
e
r 
(a
rb
. 
u
n
its
)
(a)
(b)
(c)
λ1
λ2 + λ3 
λ4
103 
 
the laser pulse energy.  This corresponds to a red-shifting of the laser wavelength and has been 
reported before in erbium doped lasers [80].  
The reason for this behaviour can be understood by considering the Stark levels in the upper and 
lower laser level manifolds (denoted i and j respectively) between which the transitions take place in 
the Er:YAG laser.  These are detailed in table 5.1 along with the associated Boltzmann coefficients (αi 
and βj) and their ratios (αi/βj).  
Table 5.1: Boltzmann coefficients for the Stark levels involved in the Er:YAG transitions. 
 
 
 
 
 
 
Examination of table 5.1 finds that the red-shifting of the laser wavelength is associated with a move 
to transitions with more favourable Boltzmann coefficient ratios (αi/βj).  The transition with the 
highest emission cross-section will be the first to reach threshold.  Once lasing is established the 
lower laser level manifold begins to fill rapidly and it clearly becomes advantageous for the laser to 
operate on transitions which end on Stark levels holding decreasing fractions of the lower laser level 
population.   
The laser threshold of the main Er:YAG transition λ4 in conjunction with the well known emission 
cross section of Er:YAG (3x10-20cm2 [80]) can in fact be used to estimate the less well known 
emission cross section of the 2.797μm transition of Er:YSGG.  The pump pulse energies required to 
reach laser threshold (with TOC=1% output coupler) for the four Er:YAG transitions λ1, λ2, λ3 and λ4 
and the Er:YSGG transition which we will denote as λ1* are detailed in table 5.2.  From this data the 
emission cross section of each transition, relative to the 2.936μm Er:YAG transition, was deduced 
using equation 5.2; 
 
 
Wavelength 
(μm) 
i→j αi βj αi/ βj 
λ1 2.699 1→1 0.2539 0.2794 0.91 
λ2 2.803 4→5 0.1443 0.0794 1.82 
λ3 2.830 6→7 0.1157 0.0539 2.15 
λ4 2.936 2→7 0.2159 0.0539 4.01 
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                    .                                                         (5.2) 
Here σij is the emission cross section of the transition between the ith and jth Stark levels, αi is the 
Boltzmann coefficient of the ith Stark level in the upper laser level manifold and Eth is the pump 
pulse energy required to reach laser threshold.  
 
Table 5.2: Threshold data for Er:YAG and Er:YSGG and relative cross-sections compared  
to the 2.936μm transition. 
  
Wavelength 
(μm) 
Eth(mJ) αi         
Er:YAG 
λ1 2.699 3.88 0.2539 3.18 
λ2/λ3 2.803/2.830 11.16 0.1443/0.1157 1.11 
λ4 2.936 12.35 0.2159 1 
Er:YSGG λ1* 2.797 4 0.1491 4.47 
 
Taking a value of 3x10-20cm2 for the emission cross section of the 2.936μm transition as quoted in 
the literature [80] gives an estimated emission cross section ~1.34x10-19cm2 for the 2.797μm 
transition of 50at.% Er:YSGG.     
 
5.2.3 Temporal output from the erbium lasers 
 
It may have been noted from figures 5.8 and 5.9 that the output from the Er:YSGG and Er:YAG 
lasers had some interesting temporal structure.  This will be examined and discussed in this 
section.  Figure 5.10 shows two temporal traces of the 50at.% Er:YSGG laser output at a pump 
pulse energy of 316mJ, pump pulse repetition rate of 14Hz and pump pulse durations of 1ms 
and 3ms.  Unfortunately the PbSe detector response time was too slow for relaxation 
oscillations to be observed, but the general temporal behaviour can be seen.  Figure 5.10(a) 
shows the temporal output with a pump pulse duration of 1ms.  The onset of lasing occurs 
rapidly after the start of the pump pulse (at 0ms) and reaches its maximum amplitude by 
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~0.5ms.  The amplitude of the laser output is maintained at this level until lasing is terminated at 
the end of the pump pulse duration.   
 
Figure 5.10: Temporal traces from the 50at.% Er:YSGG laser taken at pump pulse energy of 316mJ, pump  
pulse repetition rate of 14Hz and with pump pulse durations of (a) 1ms and (b) 3ms.   
 
Increasing the pump pulse duration to 3ms as shown in figure 5.10(b) leads to a slightly lengthened 
rise to the maximum amplitude level.  Over the duration of the pump pulse in this case, the 
amplitude is seen to steadily decline and some temporal structure is present throughout.  This 
suggests that with sufficiently long pump pulse durations the laser output would terminate making 
CW operation unobtainable.  Potential reasons for the decreasing amplitude are accumulation of 
population in the lower laser level and increased thermal load ruining the stability of the resonator 
at longer pump pulse durations.  
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The Er:YAG laser output shows similar temporal behaviour to this.   Figure 5.11 shows two temporal 
traces from the 50at.% Er:YAG laser obtained at a pump pulse energy of 200mJ, a pump pulse 
repetition rate of 14Hz and pump pulse durations of 1ms and 3ms.   
 
Figure 5.11: Temporal traces from the 50at.% Er:YAG laser taken at a pump pulse energy of 200mJ, pump pulse 
repetition rate of 14Hz and with pump pulse durations of (a) 1ms and (b) 3ms. 
 
As with the Er:YSGG laser, threshold is reached quickly after the start of the pump pulse.  With a 
pump pulse duration of 1ms (figure 5.11(a)), the amplitude is already seen to be decreasing by the 
end of the pump pulse.  Increasing the pump pulse duration to 3ms (figure 5.11(b)), leads to the 
laser output terminating before pumping has ceased.  Additionally the maximum amplitude is 
noticeably decreased with the longer pump pulse duration which is suggestive of thermal effects 
coming into play.  Compared to the Er:YSGG laser output, both of the temporal traces presented in 
figure 5.11 are more highly structured.  It is not known for certain what causes this structure, but it 
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is speculated that it is related to the ETU processes at work in the erbium lasers causing constant 
redistribution of the population in the laser levels.  
 
5.3 Compact bounce geometry Er:YSGG and Er:YAG lasers with diode 
pumping at 973nm  
 
One of the conclusions from section 5.2 was that, due to the linear evolution of the output pulse 
energy with pump pulse energy, simply increasing the pump rate should enable higher output 
energy to be attained from the erbium lasers.  With that in mind, the two diode bars used for 
pumping in section 5.2 were replaced by a 3 bar diode stack supplied by Jenoptik.  The 3 bar stack 
allowed higher pump energies of ~450mJ to be reached, but unfortunately with the disadvantage of 
the wavelength not being optimum for absorption.  Technical diagrams of this module from the 
supplier are shown in figure 5.12.   
 
 
Figure 5.12: Jenoptik 3-bar diode stack at 973nm. 
 
This was a passively cooled, vertical 3 bar stack for operation in QCW mode.  Each submount (bar) 
delivered a maximum pulse power of 150W with the whole stack capable of delivering 450W.  The 
operating wavelength at 25°C was 973nm with a spectral bandwidth (FWHM) of 5nm.  The fast axis 
divergence after collimation with a fast axis collimating (FAC) lens was <0.5° and the slow axis 
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divergence was 8.5°.  The emitting window was 3.4mm x 10mm with a stack pitch of 1.7mm. The 
laser stack was mounted on a water cooled copper block.   
The experimental set-up for the following experiments was the same as that shown in figure 5.1.  
Pumping with the 3 bar stack was implemented in both the 50at.% Er:YSGG laser and the 50at.% 
Er:YAG laser.  To pinpoint the best operating temperature for the 3 bar stack the effect of changing 
the stack temperature on the erbium laser output was investigated.  The temperature of the chiller 
providing water cooling to the diode stack was varied between 16 °C and 34°C.  The effect this had 
on the output pulse energy from the 50at.% Er:YAG and 50at.% Er:YSGG compact cavity lasers at full 
pumping is shown in figure 5.13.  A pump pulse repetition rate of 14Hz and pump pulse duration of 
1.15ms were used throughout the measurements.  
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Figure 5.13: Variation in laser output power from (a) 50at.% Er:YSGG and (b) 50at.% Er:YAG with  
varying diode stack temperature between 16-34C. 
 
Figure 5.13(a) shows the variation in output pulse energy over the temperature range for the 50at.% 
Er:YSGG laser with an output coupling transmission of TOC=9% and a pump pulse energy of 455mJ.  
As the diode stack temperature was decreased from a maximum temperature of 35°C to 20°C, the 
output pulse energy of the Er:YSGG laser increased slightly before dropping sharply from ~30mJ to 
~20mJ between 20°C and 15°C.  Figure 5.13(b) shows the equivalent results from the 50at.% Er:YAG 
laser with an output coupling transmission of TOC=1% and a pump pulse energy of 321mJ.  Between 
15°C and 30°C the output pulse energy was nearly constant and a decrease in output pulse energy 
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was seen between 30°C and 35°C.  For both the erbium lasers a diode stack temperature of 25°C was 
chosen to be used which corresponds to a diode wavelength of 973nm. 
 
Results from the 50at.% Er:YAG laser with 3 bar stack pumping at 973nm are shown in figure 5.14 in 
black.  The output pulse energy from the 50at.% Er:YAG laser with dual diode pumping at 966nm 
(already presented in figure 5.3(b)) is included in blue for comparison.  Both the data sets shown in 
figure 5.14 were obtained with pump pulse durations of 1.15ms, repetition rates of 14Hz and output 
coupler transmissions TOC=1%.  
 
Figure 5.14: Output pulse energy from the 50at.% Er:YAG compact cavity laser for pumping by the  
3-bar stack at 973nm (black line) and dual diode configuration at 966nm (blue line). 
 
 
With dual diode pumping at 966nm the Er:YAG laser reached threshold ~65mJ and the output pulse 
energy increased linearly with a slope efficiency of 7.1%.  The maximum output pulse energy was 
18mJ at pump pulse energies of 331mJ, giving an overall optical to optical efficiency of 5.4%.  For 
pumping using the 3 bar stack at 973nm the laser threshold was slightly lower ~45mJ and the output 
pulse energy also increased linearly.  However the slope efficiency of 2.4% was significantly lower 
than for the dual diode pumped laser resulting in maximum output energy of just 10mJ at pump 
pulse energies of 455mJ.  This meant that the overall efficiency of the 50at.% Er:YAG laser pumped 
with the 3 bar stack at 973nm was only 2.2%. 
Figure 5.15 shows the output pulse energy from the 50at.% Er:YSGG laser with both 3 bar stack 
pumping at 973nm (black curve) and dual diode pumping at 966nm (green curve).  Pump pulse 
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durations of 1.15ms, pump pulse repetition rates of 14Hz and output coupler transmissions TOC=9% 
were used throughout. 
 
Figure 5.15: Output pulse energy from the 50at.% Er:YSGG compact cavity laser for pumping by the  
3-bar stack at 973nm (black curve) and dual diode configuration at 966nm (green line). 
 
In the 50at.% Er:YSGG laser the threshold pump pulse energy was ~30mJ for 3 bar stack and dual 
diode pumping.  This was lower than in the 50at.% Er:YAG laser.  Dual diode pumping at 966nm 
resulted in a linear increase in output pulse energy for increasing pump pulse energy and a slope 
efficiency of 18.4%.  The maximum output energy obtained was 53mJ at pump energies of 331mJ, 
giving an overall optical to optical efficiency of 16%.  As with Er:YAG, pumping with the 3 bar stack at 
973nm proved less efficient, yielding a maximum output pulse energy of 34mJ at pump pulse 
energies of 455mJ and a corresponding optical-to-optical efficiency of 7.5%.  Furthermore the output 
pulse energy did not increase linearly but experienced some roll-over.  A possible explanation for 
this behaviour was that the pump radiation was focused too intensely in the laser crystal.  To 
investigate this, the focal length of the VCLD was varied and the laser output observed.  Figure 5.16 
shows the output pulse energy from the 50at.% Er:YSGG laser pumped by the 3 bar stack for three 
different VCLD focal lengths.   All data was obtained with pump pulse durations of 1.15ms, repetition 
rates of 14Hz and output coupler transmissions TOC=9%. 
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Figure 5.16: Output pulse energy from the 50at.% Er:YSGG laser with TOC=9% for different  
VCL focal lengths of f=12.7mm (red), f=25mm (black) and f=50mm (blue). 
 
All three VCLD’s resulted in a similar laser threshold ~30mJ.  With a shorter focal length of f=12.7mm 
(red curve) corresponding to even more intense focusing of the pump radiation than with the 
original f=25mm VCLD, the laser performance was much less efficient and the laser output energy 
again did not follow a linear increase.  However, using a longer focal length of f=50mm (blue curve), 
corresponding to less intense focusing of the pump radiation, led to a linear increase of the output 
pulse energy.  Although the maximum output pulse energy achieved using this VCLD was lower than 
that obtained using the f=25mm VCLD, if the pump pulse energy was increased further it looks likely 
that this situation would be reversed. 
 
5.4 Conclusion 
 
Chapter 5 was the first of two experimental chapters documenting work carried out on the 3μm 
erbium laser. In this chapter a comparative study of the two Er3+-doped laser crystals, 50at.% 
Er:YSGG and 50at.% Er:YSGG, operating at the 3μm transition was presented.  The two laser systems 
were constructed in the bounce geometry with quasi continuous wave (QCW) diode pumping at 
~966nm exciting directly to the 3μm upper laser level.  Both laser crystals were transversely cooled 
with heat removed via the large top and bottom faces of the slabs via water cooling.  Free-running 
laser results were obtained from both compact cavity systems for a range of different output coupler 
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transmissions (TOC=1, 2, 8, 13%), using pump pulse durations of 1.15ms and pulse repetition rates of 
14Hz throughout.  The Er:YSGG laser gave the best performance, delivering the highest pulse 
energies, highest slope efficiencies and lowest pump thresholds.  The most efficient performance 
was obtained using the highest transmission output coupler (TOC=13%) which yielded pulse energies 
~55mJ at pump pulse energies ~331mJ and a slope efficiency of 20.5%.  The best results from Er:YAG 
were obtained with TOC=2%, where output pulse energies ~31mJ and a slope efficiency of 12.6% 
were achieved.  Both the erbium lasers showed very good vertical beam quality but were 
multimode in the horizontal.  Measurement of the spectral content of the erbium beams was 
undertaken using a one-metre grating spectrometer.  The 50at.% Er:YSGG laser output contained a 
single wavelength of 2797nm throughout the laser output.  For Er:YAG, four wavelengths were 
detected; λ1 = 2.699μm, λ2 = 2.803μm, λ3 = 2.830μm and λ4 = 2.936μm, with the laser output 
scanning through these in time from λ1 to λ2/λ3 (which lased simultaneously), before settling on λ4 
which contained the majority of the laser pulse energy.  This corresponded to a red-shifting of the 
laser wavelength and a move to transitions with more favourable Boltzmann coefficient ratios, as 
reported before by other groups working on this material [10].   
The linear characteristic of the output pulse energy from the erbium lasers suggested that simply 
increasing the pump pulse energy would lead to an increase in the laser output energy.  To this end, 
a 3 bar stack which could deliver higher pump energies ~450mJ, but with the disadvantage of the 
wavelength ~973nm not being optimum for absorption, was implemented for pumping.  Laser 
output from the 50at.% Er:YAG compact cavity when pumping at 973nm with the 3 bar stack and at 
966nm with the dual diode configuration was compared.  This showed that the dual diode pumped 
system gave both higher absolute pulse energies and a higher overall efficiency of 5.4% versus 2.2%.  
Pumping with the 3 bar stack at 973nm also proved less efficient in the 50at.% Er:YSGG laser, where 
the overall efficiency fell from 16% to 7.5%. 
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Chapter 6 
 
6. Electro-optic Q-switching of the 
Er:YSGG bounce geometry laser at 
3μm  
 
6.1 Introduction 
 
In this chapter further experimental investigation of the Er3+-doped laser at the 3μm transition is 
undertaken with the focus solely on the Er:YSGG material.  In the comparative investigation of 
chapter 5 the Er:YSGG laser showed superior performance to Er:YAG in a free-running mode of 
operation, yielding higher like for like pulse energies and slope efficiencies.   Furthermore the longer 
upper state lifetime of Er:YSGG has already been noted as potentially beneficial for Q-switching of 
the laser, a goal to enable use as an OPO pump source.  With these points in mind, a more in depth 
study of the Er:YSGG laser is undertaken with a primary objective to achieve Q-switching.  In addition 
to the 50at.% Er:YSGG crystal used in chapter 5, a second Er:YSGG laser crystal is  investigated with 
38at.% doping and an alternative cooling method offering potential for improved thermal operation.   
Various resonator configurations are explored and Q-switching is achieved and presented using an 
extended cavity design. 
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6.2 Face-cooled 38at.% Er:YSGG laser utilising the compact bounce 
geometry design with diode pumping at 966nm 
 
In this section an alternative crystal cooling technique to that used in chapter 5 is implemented in a 
38at.% Er:YSGG laser with the aim to improve the thermal performance of the laser.  Controlling the 
heat generated in the laser crystal is especially important in erbium lasers.  This is because the 
energy transfer processes which are so essential to operation on the 3μm transition have the 
unfortunate side-effect of generating heat through associated non-radiative transitions.  As 
discussed in chapter 1 this heat generation can have severe consequences for laser operation 
making efficient heat removal from the laser crystal important.   
The experimental laser set-ups described in chapter 5 utilised transverse cooling methods to control 
heating of the laser crystal.  In this section, a cooling method known as face-cooling is used which 
involves removing heat directly from the pump face of the laser crystal which is the area of greatest 
heating in these lasers.  To better demonstrate the differences between these two cooling methods, 
they are illustrated in figure 6.1.  In both diagrams diode side pumping is shown by the red arrows 
and heat removal from the crystal is shown by the blue arrows.   
 
 
Figure 6.1: Diagrams of (a) transverse cooling and (b) face-cooling concept. 
 
Transverse cooling is shown in figure 6.1(a).  In this configuration the heat is extracted from the laser 
crystal via the large top and bottom faces in a direction perpendicular to the pumping plane.  This 
results in strong thermal gradients in the plane perpendicular to pumping.  Figure 6.1(b) shows face-
cooling of the laser crystal.  Here the pump face of the laser crystal (which is now one of the large 
faces to give a bigger area for heat removal) is contacted to a material with a high thermal 
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conductivity such as sapphire and this structure is cooled.  The diode pump radiation is sent through 
the sapphire block and is incident on the pump face of the laser crystal.  The heat can then be 
removed directly from the pump face which is the area of greatest heating of the crystal and should 
potentially afford some improvement of thermal management.       
A face-cooled Er:YSGG crystal was implemented in a diode pumped bounce geometry laser with a 
compact resonator.  The experimental set-up for this is shown in figure 6.2(a).  The schematic of the 
transversely cooled laser scheme used for the experimental work presented in chapter 5 is shown in 
figure 6.2(b) for comparison.   
 
 
Figure 6.2: Experimental set-up for (a) face-cooled 38at.% Er:YSGG and (b) transverse-cooled  
50at.% Er:YSGG compact laser cavities. 
 
The laser crystal used in the face-cooled set-up was a 38at.% Er:YSGG slab with dimensions 20mm x 
2mm x 5 mm.  This was contacted to a sapphire block with dimensions of 20mm x 3mm x 8mm for 
face-cooling.  Sapphire was used for two reasons.  The first is that it is transparent at the pump 
wavelength allowing the laser crystal to be pumped through the sapphire block.  The second is that 
sapphire has a high thermal conductivity of 28 W/(mK) [127] (compared to 8 W/mK for Er:YSGG 
[124])  which enables heat to be removed efficiently from the pump face of the laser crystal.  The 
sapphire block and the 38at.% Er:YSGG crystal were housed in a custom made holder which sat on a 
water cooled copper block.  An exploded view of the crystal holder encasing the Er:YSGG and 
sapphire crystal is shown in figure 6.3.   
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Figure 6.3: Diagram of implementation of face-cooling of 38at.% Er:YSGG laser crystal. 
 
The 20mm x 5mm face of the 38at.% Er:YSGG slab was contacted with the 20mm x 8mm face of the 
sapphire block.  This large surface area of contact allowed for efficient conduction of heat from the 
laser crystal face.  The housing which held these crystals together was made of copper and consisted 
of two separate pieces (front and back).  The holder had recesses for each of the crystals to sit in so 
that a good optical contact was achieved when the holder was screwed together.  To ensure even 
pressure and minimal stress/strain across the crystals, two screws above the crystal position and two 
screws below were used for fastening.  As in the transversely cooled set-up, thin pieces (100μm) of 
indium were used to help attain good thermal contacting between the copper housing and the parts 
of the crystals which were in contact with this.  The crystals and housing sat on a water cooled 
copper block and the pump radiation was sent through the opening in the front piece of the crystal 
holder, propagating through the sapphire block before reaching the 20 x 5mm pump face of the 
laser crystal.   
 
Figures 6.4(a) and 6.4(b) show the output pulse energy versus pump pulse energy from the face-
cooled 38at.% Er:YSGG laser and the transversely cooled 50at.% Er:YSGG laser with dual diode 
pumping at 966nm.  The curves represent the laser output for different output coupler 
transmissions (TOC), all obtained using pump pulse durations of 1.15ms and repetition rates of 14Hz.   
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Figure 6.4: Energy curves for the compact cavity (a) face-cooled 38at.% Er:YSGG laser and (b) transversely 
cooled 50at.% Er:YSGG laser for various output coupler transmissions TOC with dual diode pumping at 966nm.  
Pump pulse durations of 1.15ms and repetition rates of 14Hz used throughout. 
 
The face-cooled 38 at.% Er:YSGG laser (figure 6.4(a)) yielded a maximum pulse energy ~36mJ and a 
maximum slope efficiency of 13.7%.  These results were achieved using an output coupler with 
transmission TOC =9%, which was the highest transmission output coupler available at the time these 
experiments were carried out.  With TOC =1% , a slope efficiency of 8.6% which is almost double that 
obtained from the transversely cooled 50 at.% Er:YSGG system (4.5%) was obtained.  As with the 
transversely cooled 50at.% Er:YSGG laser, increasing TOC increased the slope efficiency for all the 
output couplers tested.  However, this increase in slope efficiency was more modest for the face-
cooled 38at.% Er:YSGG laser, ultimately leading to lower output pulse energies.  The laser thresholds 
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observed for the 38at.% Er:YSGG laser were higher than for 50at.% Er:YSGG, as expected for the 
lower level of doping.   
 
The next task was to investigate how the thermal performance of the face-cooled 38at.% Er:YSGG 
laser compared with that of the transversely cooled 50at.% Er:YSGG laser.  This was achieved by 
examining the effect on the laser output of varying the thermal load in the crystal through 
adjustment of the pump pulse repetition rate/duration.  These measurements were carried out in an 
extended cavity set-up which was implemented as a first step towards Q-switching of the Er:YSGG 
lasers and is described in the following section.   
 
6.3 Design towards Q-switching 
 
To obtain pulsed operation the technique of electro-optic Q-switching was used.  For this to be 
implemented the Q-switching system, comprised of an electro-optic LiNbO3 crystal, two copper 
electrodes and a housing to hold these components, had to be inserted into the laser cavity.  It was 
therefore necessary to extend the compact cavity of the erbium lasers presented so far.  The 
following sections describe two designs for extending the resonators of the compact Er:YSGG lasers, 
alongside Q-switching results.  
 
6.3.1 Cavity extension using concave mirror  
 
The first extended cavity configuration employed a concave mirror (HR at ~3μm) with a radius of 
curvature R=25cm to increase the length of the compact Er:YSGG laser cavities to ~30cm.  The 
experimental set-up for this is shown in figure 6.5.  The concave cavity mirror was positioned both to 
match the fundamental mode size to the narrow vertical gain region and also to help maintain the 
cavity within the stability region despite the strong thermal lensing in the amplifier.  
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Figure 6.5: Experimental set-up for Er:YSGG extended cavity using a concave mirror with radius of curvature 
R=250mm. 
 
The set-up shown in figure 6.5 was implemented for three different combinations of laser crystal 
and diode pumping.  The first used the transversely cooled 50at.% Er:YSGG crystal with dual diode 
pumping at 966nm, the second used the face-cooled 38at.% Er:YSGG crystal with dual diode 
pumping at 966nm and the third used the transversely cooled 50at.% Er:YSGG crystal with 3 bar 
stack pumping at 973nm.  Figure 6.6 shows the output pulse energy versus pump pulse energy from 
the first two of these configurations which both employ dual diode pumping at 966nm.  The red 
curve shows results from the transversely cooled 50at.% Er:YSGG laser and the blue curve from the 
face-cooled 38at.% Er:YSGG laser.  Pump pulse durations of 1.15ms and pump pulse repetition rates 
of 14Hz were used throughout.  
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Figure 6.6: Output pulse energy versus pump pulse energy from the transversely cooled 50at.% Er:YSGG laser 
(red) and the face-cooled 38at.%Er:YSGG laser (blue) employing the extended cavity set-up using the 
R=250mm concave mirror with Toc=8% and dual diode pumping at 966nm. 
 
In the extended cavity configuration the 50at.% Er:YSGG laser performed better than the 38at.% 
Er:YSGG laser, as was the case for the compact cavity lasers (see figure 6.4).  Comparing the curves in 
figure 6.6 with the compact cavity results, it is seen that both Er:YSGG lasers achieved higher slope 
efficiencies and similar laser thresholds in the extended cavity set-up.  This led to an increase in the 
maximum output pulse energy from both lasers with the 50at.% Er:YSGG laser pulse energy 
increasing from 50mJ to 57mJ and the 38at.% Er:YSGG laser pulse energy increasing from 31.5mJ to 
35mJ after cavity extension.  These improvements were attributed to the curved back mirror 
providing enhanced spatial overlap of the laser mode to the vertical pump region compared to the 
compact plane-plane resonator.   
 
Figure 6.7 shows the output pulse energy versus pump pulse energy from the transversely cooled 
50at.% Er:YSGG laser with 3 bar stack pumping at 973nm (black curve) and with dual diode pumping 
at 966nm (red curve) included for comparison.  Pump pulse durations of 1.15ms and a pump pulse 
repetition rates of 14Hz were used throughout.  With 3 bar stack pumping at 973nm, the output 
pulse energy increased linearly until pump pulse energies ~275mJ before experiencing roll-over.  The 
maximum output energy achieved from this crystal/pump combination was ~51mJ at 455mJ pump 
pulse energy giving an optical to optical efficiency of 11.2%.  This was significantly lower than the 
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corresponding efficiency of 17.2% which was obtained using dual diode pumping at 966nm with the 
50at.% Er:YSGG crystal.  
 
Figure 6.7: Output pulse energy versus pump pulse energy from the 50at.% Er:YSGG laser with dual diode 
pumping at 966nm (red) and 3 bar stack pumping at 973nm (black) using the R=25cm concave mirror for cavity 
extension and Toc=8%. 
 
To determine whether face-cooling improved the thermal performance of the Er:YSGG laser, the 
effect of varying the pump pulse repetition rate and duration was investigated.  Figures 6.8(a) and 
(b) show the output pulse energy versus pump pulse repetition rate from the transversely cooled 50 
at.% Er:YSGG laser and the face-cooled 38at.% Er:YSGG laser respectively, both with dual diode 
pumping at 966nm and TOC=8%.  The four different curves on each graph represent the four different 
pump pulse durations, tp, used.  Increasing the pump pulse duration and increasing the pump pulse 
repetition rate both increase the thermal load on the laser crystal.  Therefore investigating how the 
performance of the laser was affected when these parameters were varied illustrated if any thermal 
problems were introduced. 
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Figure 6.8: Output pulse energy versus pump pulse repetition rate for different pump durations tp for (a) face-
cooled 38 at.% Er:YSGG in the R=25cm concave mirror extended cavity and (b) transversely cooled 50 at.% 
Er:YSGG with dual diode pumping at 966nm and Toc=8%. 
 
The output pulse energy from the face-cooled laser (figure 6.8(a)) showed little or no decrease 
across the pump pulse repetition rate range investigated.  This suggested that the increased thermal 
load was being dealt with effectively in the face-cooled laser and not affecting the laser output.  In 
the transversely cooled laser (figure 6.8(b)) however, the output pulse energy dropped markedly 
with increasing pump pulse repetition rate when using the longest pulse duration tp=750μs.  This 
implied that the laser was experiencing thermal issues due to inadequate heat removal. 
The constant energy output from the face-cooled laser suggested that the average output power 
was steadily increasing with pump pulse repetition rate.  Figure 6.9 shows the average output power 
versus pump pulse repetition rate for the face-cooled 38at.% Er:YSGG laser for the four different 
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pump durations.  Linear fits were performed on the data (which show no sign of thermal roll-over 
apart from perhaps with tp = 750μs) and show the average output powers that could potentially be 
attained at higher repetition rates.  With pump pulse durations of 750μs, average output powers of 
close to 3W could be achieved at 140Hz if the linear trend continued.  Unfortunately the diode 
drivers would not allow operation far above 75Hz at 750μs.   
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Figure 6.9: Average output power versus pump pulse repetition rate for different pump durations for face-
cooled 38 at.% Er:YSGG in the R=25cm concave mirror extended cavity set-up with Toc=8% and maximum 
pumping of 331mJ.  Linear fits extrapolated to 140Hz. 
 
Therefore a continuation of the linear trend for the 500μs pump pulse duration was attempted 
instead, with an expectation of reaching close to 2W at 140Hz repetition rate. 
 
 
6.3.2 Average output power of 2W from the face-cooled 38at.% Er:YSGG laser 
 
Figure 6.10 shows the average output power versus average pump power from the face-cooled 
38at.% Er:YSGG laser with dual diode pumping at 966nm and TOC=8%.  The red and the black curves 
show the data for two different combinations of pump pulse duration and pump pulse repetition 
rate which both result in a duty cycle of 7%.  The black curve shows the laser performance with 
pump pulse durations of 0.5ms and pump pulse repetition rates of 140Hz.  The linear power 
characteristic showed no thermal roll-over here, consistent with good thermal performance of the 
face-cooled geometry.  An average output power ~2W for ~20W average pump power was obtained, 
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with a slope efficiency of 12% and an optical-to-optical efficiency of 10%.  In addition, the linear 
increase in output power suggests that further power scaling is possible and this result was only 
limited by pump power available at the time.   
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Figure 6.10: Power curve for face-cooled 38 at.% Er:YSGG extended cavity with R=25cm concave mirror, dual 
diode pumping at 966nm and Toc=8%. Red data curve is for pump pulse duration of 500μs and repetition rate 
of 140Hz. Black data curve is for pump pulse duration of 1ms and repetition rate of 70Hz.  
 
With pump pulse durations of 1ms and repetition rates of 70Hz (red curve) the average output 
power deviated slightly from the black curve.  However, at maximum pumping ~20W an average 
output power ~2W was also obtained.   
 
6.3.3 Electro-optic Q-switching system 
 
The system to Q-switch the laser comprised of an electro-optic lithium niobate (LiNbO3) crystal with 
Brewster cut facets, two copper electrodes and a crystal holder to house these elements.  The 
crystal holder was made up of three separate pieces which were designed using the CAD package 
SolidWorks and custom made in-house by the Optics Workshop.  An exploded view of this, with the 
LiNbO3 crystal and copper electrodes, is shown in figure 6.11.  A material called PEEK 
(polyetheretherketone) which is a robust, insulating thermoplastic material with excellent thermal 
and mechanical properties was used for the crystal holder.  The two copper electrodes sandwich the 
large top and bottom faces of the LiNbO3 crystal. To obtain Q-switching, a voltage is applied across 
the LiNbO3 crystal via the two copper electrodes which causes the polarisation of the beam to be 
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rotated.  This introduces a loss to the cavity at the Brewster cut facets of both the LiNbO3 and 
Er:YSGG laser crystals.  If this loss is large enough it will stop the cavity from lasing allowing inversion 
to build up in the laser crystal.  When the voltage is then switched off, a Q-switched pulse can form. 
 
 
Figure 6.11: Exploded view of electro-optic LiNbO3 crystal with copper electrodes and custom made holder. 
 
The crystal holder was designed such that a beam entering the LiNbO3 crystal at 90° to the front 
edge of the holder would enter the crystal at Brewster’s angle, θB, where  
 
       
    
  
   .                                                                   (6.1) 
 
Here n2 and n1 are the refractive indices of the incident and final medium respectively.  Taking the 
refractive index of LiNbO3 at the Er:YSGG laser wavelength of 2.797μm to be 2.1699 [125] gives θB = 
65.3°.  The four screw holes arranged in a square in the bottom piece of the crystal holder allowed 
the whole system to be mounted on a rotation stage to enable fine adjustment of the angle at which 
the beam entered the crystal.  The system also had translation in the x and y directions.  Figure 6.12 
shows a top view of the LiNbO3 crystal with the dimensions, optic axis and Brewster’s angle labelled 
and the path of the laser beam shown.  When the laser beam enters the LiNbO3 crystal at this angle 
it travels down the optic axis ensuring that there is no beam walk-off in the crystal.     
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Figure 6.12: LiNbO3 crystal with dimensions, optic axis and Brewster's angle labelled and path of laser beam 
shown. 
 
 
6.4 Q-switching of the Er:YSGG laser in the extended cavity set-up using the 
R=25cm concave mirror  
 
The transversely cooled 50at.% Er:YSGG laser and the face-cooled 38at.% Er:YSGG laser with dual 
diode pumping at 966nm were both Q-switched in the extended cavity set-up using the concave 
cavity mirror.  The Q-switching system was inserted into the extended cavity of each of these lasers 
close to the concave mirror as shown in figure 6.13.  The position in the laser cavity was important as 
being close to the concave mirror ensured that the laser mode size was sufficiently large and less 
likely to cause damage in the Q-switching crystal.  As illustrated in figure 6.13 and figure 6.12, 
introduction of the LiNbO3 crystal to the laser cavity resulted in the concave back mirror being 
translated in a direction perpendicular to the laser beam direction of propagation.  To obtain Q-
switching in these lasers, a voltage of 2kV was applied across the LiNbO3 crystal for a duration of 
400μs while the laser crystal was being pumped by a pulse of the same duration.  The 2kV voltage 
was the maximum that could be applied by the Q-switch driver used.  At the end of the 400μs 
duration the pump pulse ended and the QS voltage was rapidly switched to zero allowing a Q-
switched pulse to be generated.   
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Figure 6.13: Q-switching set-up using 50at.% Er:YSGG and cavity extended using f=250mm concave mirror. 
 
For both of the erbium lasers a pump pulse repetition rate of 14Hz, pump pulse energy of 116mJ and 
TOC=8% was used.  A pulse from each of the Q-switched Er:YSGG lasers is shown in figure 6.14.  
Figure 6.14(a) shows the output from the transversely cooled 50at.% Er:YSGG laser which yielded an 
average power of 7mW which at a repetition rate of 14Hz corresponded to Q-switched pulse 
energies of 0.5mJ.  The FWHM pulse duration was measured to be 113ns.  Figure 6.14(b) shows the 
output from the face-cooled 38at.% Er:YSGG laser.  The average power measured from this laser was 
5mW at 14Hz, giving Q-switched pulse energies ~0.36mJ.  The FWHM pulse duration was 135ns.     
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Figure 6.14: Q-switched pulses obtained from extended cavity set-ups using the R=25cm concave mirror and 
(a) the transversely cooled 50at.% Er:YSGG laser crystal and (b) the face-cooled 38at.% Er:YSGG laser crystal.  
Both lasers used Toc=8%, pump pulse durations of 400us, dual diode pumping at 966nm, a QS voltage of 2kV 
and pump pulse energies of 116mJ.  
 
The pulses shown in figure 6.14 have asymmetric shapes typical from actively Q-switched lasers.  
This is related to the ratio of the population inversion density at the onset of Q-switching to that at 
threshold [128].  The rise time of the Q-switched pulse is proportional of the net gain at the time 
when the losses are switched whereas the fall time mostly depends on the cavity decay time,     
[128].  In fact, the width of a Q-switched laser pulse,    can be approximated as 
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                                                                    (6.2) 
 
where r is the initial inversion ratio defined as the population inversion just after switching divided 
by the threshold inversion just after switching and   is the energy extraction efficiency defined as 
the Q-switched output energy divided by the initial inversion energy.  From this expression it is clear 
that one method of obtaining Q-switched pulses of shorter duration is to decrease the cavity decay 
time by decreasing the cavity length.  This is explored through a second extended cavity 
configuration presented in the following section. 
 
6.5 Extended cavity using a vertical cylindrical lens with focal length 
f=100mm   
 
The second extended cavity configuration with a shorter cavity length is shown in figure 6.15.  This 
was implemented in the transversely cooled 50at.% Er:YSGG laser crystal with dual diode pumping at 
966nm as this obtained the best results in the previous section.  This set-up utilised a vertical 
cylindrical lens (VCL) with a focal length f=10cm in conjunction with a plane HR mirror to extend the 
cavity to a length ~15cm.  The function of the VCL was similar to that of the concave mirror but acted 
only to shape the cavity mode in the vertical direction where the strongest thermal gradients 
occured.  In addition to giving potential for shorter duration Q-switched pulses, this set-up was 
desirable as the footprint of the laser was more compact. 
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Figure 6.15: Experimental set-up for the Er:YSGG laser using a vertical cylindrical lens for cavity extension. 
 
Figure 6.16 shows the output pulse energy versus pump pulse energy obtained from this set-up 
using pump pulse durations of 1.15ms and pump pulse repetition rates of 14Hz.  The laser reached 
threshold at ~50mJ pump pulse energy and increased linearly with pumping until pump pulse 
energies ~130mJ were reached.  Above this pump level the output pulse energy turned over sharply 
and decreased to zero by pump pulse energies of 200mJ.   
 
Figure 6.16: Output pulse energy versus pump pulse energy from the transversely cooled 50at.% Er:YSGG laser 
using a VCL to extend the cavity.  With dual diode pumping at 966nm, pump pulse durations of 1.15ms, pump 
pulse repetition rates of 14Hz and Toc = 8% 
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The reason for this behaviour was attributed to the absence of horizontal beam shaping cavity optics 
causing the resonator to lose stability in the horizontal direction.  Although this was not ideal, these 
long pump pulse durations would not be used when Q-switching the system and the shorter pump 
pulse durations used would result in a significantly decreased thermal load potentially avoiding 
stability problems.  To examine the performance of the laser with shorter pump pulse durations the 
output pulse energy versus pump pulse energy was measured using pump pulse durations of 400μs 
and a pump pulse repetition rate of 14Hz.  These results are shown in figure 6.17.   
 
Figure 6.17: Output pulse energy versus pump pulse energy from the transversely cooled 50at.% Er:YSGG laser 
using a VCL to extend the cavity.  With dual diode pumping at 966nm, pump pulse durations of 400μs, pump 
pulse repetition rates of 14Hz and Toc = 8%. 
 
 
With these pumping parameters the output pulse energy followed an initial superlinear increase 
with pump pulse energy before settling to a linear increase with a slope efficiency of 9%.  The 
maximum output pulse energy obtained from this laser was 5.6mJ at the maximum pump pulse 
energy of 116mJ.  This fell to ~4mJ when the LiNbO3 crystal was inserted into the cavity (with no 
voltage applied).   
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6.5.1 Q-switching of the Er:YSGG laser in the extended cavity set-up using the f=100mm 
VCL 
 
The VCL extended cavity set-up with the Q-switching system inserted into the back arm of the cavity 
is shown in figure 6.18. 
 
 
Figure 6.18: Q-switching set-up using transversely cooled 50at.% Er:YSGG crystal and dual diode pumping at 
966nm in the extended cavity design using a vertical cylindrical lens (VCL) with f=100mm. 
 
A Q-switched pulse obtained from this set-up with TOC=8%, a pump pulse duration of 400μs, a pump 
pulse repetition rate of 14Hz and pump pulse energy of 116mJ is shown in figure 6.19.  The average 
power from the Q-switched laser was 7mW, corresponding to Q-switched pulse energies of 0.5mJ.  
As expected from the shorter laser cavity of this set-up, shorter Q-switched pulse durations were 
achieved of 77ns (FWHM) and with an asymmetric pulse shape as before.   
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Figure 6.19: A Q-switched pulse from the 50at.% Er:YSGG extended laser cavity using VCL=10cm with dual 
diode pumping at 966nm and Toc=8%.  The pump pulse duration was 400μs, pump pulse repetition rate was 
14Hz and pump pulse energy was 116mJ.   
 
 
6.6 Conclusion 
 
In this chapter further investigation and development of the Er:YSGG laser was undertaken.  A face-
cooled 38at.% Er:YSGG laser set-up was implemented with the aim of improving the thermal 
performance.  In this design the heat was removed directly from the area of greatest heating (i.e. the 
pump face) by a high thermal conductivity sapphire block contacted to the pump face of the laser 
slab.  With the improved thermal characteristics, the laser could be operated at higher duty cycles 
than with transverse cooling without experiencing thermal roll-over.  This enabled an average 
output power ~2W to be obtained from ~20W pumping with pump pulse durations of 0.5ms and 
1ms, coupled with pump pulse repetition rates of 140Hz and 70Hz respectively (7% duty cycle).  
Furthermore, no thermal roll-over was observed in the output power suggesting that further power 
scaling would be possible and the result was only limited by pump power available at the time.   
Two cavity configurations for Q-switching of the Er:YSGG laser were implemented in this chapter.  
These involved extending the compact laser resonators used to this point such that the components 
for Q-switching could be inserted into the cavity.  The first design made use of an HR concave mirror 
with radius of curvature R=25cm.  This replaced the back mirror and was positioned both to match 
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the fundamental mode size to the narrow vertical gain region and also to help maintain the cavity 
stability.  This resulted in an extended cavity length ~30cm and was used for three different 
combinations of laser crystal and diode pumping in free-running operation; transversely cooled 
50at.% Er:YSGG crystal with dual diode pumping at 966nm, face-cooled 38at.% Er:YSGG crystal with 
dual diode pumping at 966nm and transversely cooled 50at.% Er:YSGG crystal with 3 bar diode stack 
pumping at 973nm.  The 50at.% Er:YSGG laser with dual diode pumping at 966nm performed most 
efficiently yielding a slope efficiency of 21.4% and maximum pulse energy of 57mJ.  Electro-optic Q-
switching of this laser gave pulses with energies of 0.5mJ and pulse durations of 113ns with an 
asymmetric pulse shape.  Q-switched pulses were also obtained from the face-cooled 38at.% 
Er:YSGG laser with dual diode pumping at 966nm which gave lower Q-switched pulse energies of 
0.36mJ and longer pulse durations of 135ns.  The second extended cavity configuration utilised a 
vertical cylindrical lens (VCL) with a focal length f=10cm in conjunction with an HR mirror to extend 
the cavity to a length to ~15cm.  This set-up was desirable as it kept the footprint of the laser more 
compact and the shorter cavity gave potential for shorter duration Q-switched pulses.  
Implementation of this design in the transversely cooled 50at.% Er:YSGG laser under 966nm dual 
diode pumping resulted in Q-switched pulses with energies of 0.5mJ and pulse durations of 77ns. 
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Chapter 7 
 
7. Numerical modelling of lasers 
with strong energy transfer 
processes 
 
 
7.1 Introduction 
 
In lasers which use highly doped solid state gain media, energy transfer processes can play a 
significant role in either enhancing or reducing the laser efficiency.  As discussed in chapter 4, these 
mechanisms strongly affect operation in the erbium lasers investigated.  In this chapter, numerical 
modelling of the erbium laser is undertaken to obtain some general conclusions about the effect of 
energy transfer processes in these lasers and others like them.  The free-running and Q-switched 
50at.% Er:YSGG and 50at.% Er:YAG lasers are modelled and the results compared to those achieved 
experimentally.  To introduce the work in this chapter, an overview of the energy transfer processes 
which can occur in highly doped solid state lasers is presented and some of the well known lasers 
that are affected by these are described.     
 
7.2 Energy transfer processes 
 
Figure 7.1 shows the four important energy transfer processes which take place in highly doped solid 
state lasers.  Figures 7.1(a-c) which show excited state absorption (ESA), co-operative energy 
transfer upconversion (ETU) and cross relaxation have already been described and illustrated in 
chapter 2, but are repeated here for the benefit of the reader. 
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Figure 7.1: Important energy transfer mechanisms in highly doped solid state gain media. 
 
In ESA (figure 7.1(a)) an ion which is already in an excited state absorbs a photon and is propelled to 
an even more energetic state.  In co-operative ETU (figure 7.1(b)), also known as Auger 
upconversion, two ions in the same energy state interact such that one is promoted to a higher 
energy level and the other falls to a lower energy level.  A consequence of this is to decrease the 
effective lifetime of the level the ETU process originates from, making this mechanism useful in 
lasers where the lower laser level is long lived.  Figure 7.1(c) illustrates cross relaxation, a process 
whereby one excited ion transfers part of its energy to another ion in the ground state, leaving both 
ions in an intermediate energy level.  This can be advantageous in some lasers, where cross 
relaxation can result in more than one excitation in the upper laser level per pump photon and 
quantum efficiencies greater than unity.    Finally, figure 7.1(d) depicts fluorescence sensitisation.  In 
this process a laser material is co-doped with an ion (ion 1) that strongly absorbs at the pump 
wavelength and subsequently transfers the excitation to the laser ion (ion 2) through energy 
transfer.   
ion 1 ion 2
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7.3 The effect of energy transfer processes in lasers 
 
The influence of the energy transfer processes described in section 7.2 on the performance of a laser 
can be complicated.  Numerous of these energy transfer processes may take place in a laser and the 
relative strengths of the processes can be influenced by the method of pumping, lifetime of the 
levels involved and concentration of the relevant ions.  Furthermore the effect of these mechanisms 
on population inversion is often not straightforward.  There can be competing processes which 
populate and de-populate the laser levels making their effect on laser action dependent on the 
balance between them.   
 
A mid-IR laser system in which energy transfer plays a key role is the thulium laser. In Tm3+-doped 
fibre lasers pumped at 790nm, it is a cross-relaxation process which causes excitation in the 2μm 
upper laser level.  In addition there are two ETU processes which originate from the 2μm upper laser 
level manifold and act to quench the upper laser level population.   At the 2.3µm transition, the 
cross-relaxation which populates the 2µm upper laser level is detrimental as is depletes the 2.3µm 
upper laser level.  As this process is highly concentration dependent, the doping level must be kept 
low.  However this impacts absorption of the pump radiation at 790nm.  To circumvent this problem, 
Tm3+ lasers are often co-doped with Ho3+ ions which act as fluorescence sensitizers to transfer 
energy from pumping at 960nm to the Tm3+ laser ions.  In Ho3+-doped lasers operating on the ~3μm 
transition, self termination is a problem due to the long lived lower laser level (as it is in the 3μm 
erbium laser).  However when co-doped with praseodymium ions (Pr3+), excitation can be removed 
from the lower laser level of the Ho3+ ions via energy transfer to Pr3+ which acts to mitigate 
bottlenecking.  In the 3µm erbium laser efficient operation can be attributed largely to an ETU 
process which takes place from the 3μm lower laser level and acts to both depopulate the long lived 
lower laser level, whilst also recycling population back to the upper laser level.   
 
Energy transfer is also made use of in upconversion lasers, where the laser wavelength is shorter 
than the pump wavelength meaning that one pump photon is not sufficient to create an excitation in 
the upper laser level [129].  In these lasers, two or more pump photons are used for a single 
excitation, so that the laser photon energy can be larger than the pump photon energy.  Two 
methods of obtaining excitation in the upper laser level in these systems are ETU and ESA (although 
this requires high pump intensities).  Two examples of upconversion lasers are the Tm3+-doped laser 
emitting in the blue and the Er3+-doped laser emitting in the green.  These are pumped at 1120–
1140 nm and 980nm respectively and emit at the shorter wavelengths of 480 nm and 546nm 
respectively [129]. 
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In the lasers described in this section, energy transfer processes strongly affect the laser operation.  
As there can be many of these mechanisms at play, and the effects on the system complex, 
numerical modelling can offer valuable insight.  In the following sections numerical modelling is 
undertaken to gain deeper insight into the role of energy transfer processes in these lasers, with 
special focus given to the energy storage potential of these systems for Q-switching.  Although the 
erbium laser is used as the basis of this work, general conclusions can be made which will apply to 
other similar laser systems.    
 
7.4 Numerical Modelling 
 
Figure 7.2 is a highly simplified energy level diagram of the trivalent erbium ion on which the 
numerical modelling undertaken in this section is based, with only the ground state and the upper 
and lower laser levels (depicted by red lines) shown. 
 
   
 
 
Figure 7.2: Simplified energy level diagram of trivalent erbium ion showing diode pumping at ~966nm, the 3μm 
laser transition and ETU processes from the upper and lower laser level, labelled W22 and W11 respectively. 
 
Diode pumping to the 3μm upper laser level is depicted by a red arrow and the 3μm laser transition 
by a purple arrow.  The two ETU processes included in the numerical model, one from the lower and 
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one from the upper laser level, are represented by the blue arrows labelled W11 and W22 
respectively.   
 
7.4.1 The coupled two level rate equation system 
 
The coupled system of equations for numerical modelling of the erbium laser are given in equations 
7.1(a-c).  These describe the laser level population densities N2 (level 2) and N1 (level 1) which 
generate the 3μm laser transition, and the intracavity laser flux (φ). 
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Here Rp is the pump rate to the upper laser level, Ni and Ti  are the populations and lifetimes of the 
ith laser levels, TR is the cavity roundtrip time, W11 and W22 are the rates of upconversion from the 
lower and upper laser levels respectively, ρ is the roundtrip loss (including intra-cavity and output 
coupling losses), βij is the branching ratio from the ith to the jth laser levels, kse is the proportionality 
coefficient for the fluorescence term, σ is the emission cross-section, φ is the photon flux density 
inside the resonator and ΔN = αN2 – βN1 is the population inversion where α and β are the 
Boltzmann coefficients for the stark levels of the upper and lower laser levels respectively between 
which lasing occurs.   
The ETU processes described in section 7.2 make the system of rate equations highly coupled and 
full analytical solution impossible.  A solution can only be obtained by resorting to numerical 
simulations.  However, we can gain insight into the energy storage potential, as required for high 
energy Q-switching performance, by examining the rate equation for the upper laser level 
population (N2).  
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7.4.2 Analytical time dependent solution 
 
Equation 7.2 is the rate equation for the 3μm upper laser level population (N2).  Here stimulated 
emission is neglected, appropriate to the situation when the inversion is below lasing threshold.  
ETU from the lower laser level is also neglected.  The recycling of population back to the upper laser 
level via this process acts an additional pumping mechanism and will increase the effective energy 
storage time of the laser.  The following analysis, with neglect of this term, is therefore only valid for 
short times or low inversions, and should be viewed as a lower limit on the storage potential of the 
laser. 
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To make the analysis tractable, the final term in equation 7.2 which represents recombination to the 
upper laser level from higher lying levels is also neglected, forming a single differential equation for 
population N2 that is decoupled from other levels.  This is necessarily an approximation since the 
higher levels are populated by ETU, both from the upper laser level itself, as well as from the lower 
laser level which is populated by spontaneous decay from the upper level.  The use of this 
approximation is however still insightful for the underlying storage potential of the erbium laser. 
Full analytical solution for equation 7.2, with neglect of the population recycling term, can be found 
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where 
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If we introduce a parameter   
           
   , this can simply be written as  
  
 
   
    
    .                                                                  (7.5) 
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The solution is valid with the initial condition of an unpopulated upper laser level,            .  
In the small time limit, Dt << 1, spontaneous and ETU losses are negligible and the solution is linear 
in time,          .   
Figure 7.3 shows the analytical solution (equation 7.3) plotted for a five values of W22*; 0, 1, 10, 100, 
1000.  
 
Figure 7.3: Analytical solution for varying values of W22* (with W11 = 0) 
 
As W22* increases, the population of the upper laser level plateaus at lower values and on faster 
timescales.  This demonstrates the effective decrease in lifetime of the energy level from which an 
ETU process takes place.  The W22* values for 50at.% Er:YSGG and 50at.% Er:YAG are calculated as 
22,000 and 750 respectively.  Table 7.1 shows these values alongside those for the other parameters 
used in the calculation. 
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Table 7.1: Values of W22* for Er:YSGG and Er:YAG and values of parameters used in the calculation. 
 50at.% Er:YSGG 50at.% Er:YAG 
W22*  (=W22(8RpT2
2)) 21,984 751 
W22 7.5x10
-22m3s-1 3.7x10-21m3s-1 
Rp (for Ppump=300W) 2.17x10
30 1.76x1030 
T2 1.3ms 120μs 
 
From figure 7.3 it can be seen that both these lasers experience a strong reduction in upper laser 
level population due to ETU, with this being especially significant in Er:YSGG.  This has potential 
implications for energy storage and effective Q-switching of these lasers. 
 
7.4.3 Numerical solution of coupled two level rate equation system 
 
To obtain a full solution of the coupled rate equation system (equations 7.1(a-c)) numerical 
simulations must be used.  The numerical simulations allow us to look at the effect of both W22 and 
W11 on laser operation.  To gain insight into the energy storage potenatial of the laser, and how it is 
affected by these ETU processes, we can look at the effect that the variation of the W parameters 
has on the population of the upper laser level N2.  We introduce a parameter q which is the ratio W11 
/ W22 .  For the 50at.% Er:YSGG laser q=0.31 and for the 50at.% Er:YAG laser q=0.35.  In the following 
simulations we point to q=1/3 as being representative of both lasers.  Figure 7.4 shows the effect of 
varying the rate of ETU from the lower laser level W11, via the parameter q, on the upper and lower 
laser level populations, N2 and N1.  In this data set lasing has been turned off by setting dϕ to zero 
and a value of W22*=1000, close to the value for the Er:YAG laser, has been used.   
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Figure 7.4: A graph to show the effect of varying the rate of Upconversion from the lower laser level W11 on 
the upper and lower laser level populations when there is no lasing. 
 
For all the values of q shown, there is very little difference in the level which the upper laser level 
population reaches.  However, the evolution of the lower laser level population is greatly affected.  
For the case when q=0 (W11=0 i.e. no ETU from N1), the lower laser level population increases 
linearly.  For increasing values of q (corresponding to increasing W11), the population of the lower 
laser level plateaus at decreasing values and on faster timescales.  Although this suggests that ETU 
from the lower laser level should greatly enhance free-running laser performance, it does not 
necessarily improve the energy storage potential of the upper laser level for Q-switching. 
 
When dϕ ≠ 0 and lasing is allowed to occur, the improvement that increasing W11 has on the free-
running performance of the laser can be seen.  This is illustrated in figure 7.5 which shows the effect 
of varying the rate of ETU from the lower laser level W11, via the parameter q, on the simulated 
photon flux φ (with W22*=1000 as in figure 7.4).   
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Figure 7.5: A graph to show the effect of varying the rate of ETU from the lower laser level W11 on the photon 
flux φ 
 
The blue curve represents the photon flux when q=0 (W11 = 0) and there is no ETU from the lower 
laser level.  In this case the lower laser level population N1 does not reach a steady state but 
continues to increase linearly over time (see figure 7.4).  Therefore even though threshold is 
reached, lasing cannot be sustained.  Here the photon flux ϕ falls to zero over time and the 
transition is self-terminating.  When q≠0 (W11 ≠ 0), the population of the lower laser level reaches a 
steady state and CW operation is attainable.  With increasing q, the value at which the lower laser 
level population N1 is clamped decreases, enhancing the free-running laser performance.  It can also 
be noted that for increasing q the relaxation oscillation frequency increases due to a larger effective 
pump rate (caused by higher rate of the ETU process which recycles population back to upper laser 
level). 
 
The graphs presented in figure 7.6 show how the upper and lower laser level populations, and the 
population inversion, evolve in time for the cases of q=0 (figure 7.6(a)) and q=1/3 (figure 7.6(b)).  
Here the laser level populations are multiplied by a Boltzmann coefficient to take into account the 
different populations of the Stark levels.  The values used are those for the 50at.% Er:YAG laser, 
which are α=0.2159 and β=0.0539.   
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Figure 7.6: Graphs showing the upper and lower laser populations multiplied by the Stark population fractions, 
as well as ΔN = αN2 -βN1 for (a) q=0, W22* = 1000 and (b) q=1/3, W22* = 1000. 
 
When q=0 and there is no ETU from the lower laser level, the upper laser level population αN2 
reaches a steady state, but the lower laser level population βN1 continues to increase with time.  For 
this reason, although ΔN reaches a steady state it cannot be maintained due to the filling of the 
lower laser level.  When q=1/3, both αN2 and βN1 reach a steady state and therefore so too does the 
inversion ΔN = αN2 – βN1.  This highlights the importance of ETU from the lower laser level in these 
systems for free-running laser operation.   
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7.4.4 Numerical modelling of free-running Er:YSGG and Er:YAG 
 
The results in the previous section were somewhat general.  To numerically model the experimental 
50at.% Er:YSGG and 50at.% Er:YAG lasers developed in chapters 5 and 6, the parameters in table 7.2 
were used.   
Table 7.2: Material parameters for 50at.% Er:YSGG and 50at.% Er:YAG used in the numerical simulations. 
Parameter Er:YAG Er:YSGG 
Upper state lifetime, T2 0.12ms [81] 1.3ms [81] 
Lower state lifetime, T1 7.25ms [81] 3.4ms [81] 
Compact resonator roundtrip time, TR 1ns  1ns 
Extended resonator roundtrip time, TR 2ns 2ns 
Upconversion rate (from lower laser 
level), W11 
1.3x10-21 m3s-1 
[130] 
 
2.3x10-22 m3s-1 
[131] 
 
Upconversion rate (from upper laser 
level), W22 
3.7x10-21 m3s-1 
[130] 
 
7.5x10-22 m3s-1 
[131] 
 
branching ratio, β21 0.124 [132] 0.115 [133] 
Emission cross section, σ 3x10-24m2 [80] 1.34x10-23m2 
Boltzmann coefficient for upper stark 
level, α 
0.2159 [134] 
2→7 transition 
0.2156 [134] 
2→4 transition 
Boltzmann coefficient for lower stark 
level, β 
0.0539 [134] 
2→7 transition 
0.1159 [134] 
2→4 transition 
Double pass intracavity loss 3% 3% 
gain length, l 1.25cm 1.25cm 
Proportionality coefficient, kse 1x10
-7 1x10-7 
Laser mode width 600μm 600μm 
Laser mode height 100μm 100μm 
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With the exception of the double pass intracavity loss and the gain length which are fitting 
parameters, the values in table 7.2 are taken from the literature or are known for the system.  Figure 
7.7 shows the numerical simulations (figure 7.7(a)) and experimental results (figure 7.7(b)) for the 
compact, free-running 50at.% Er:YSGG laser, shown on separate graphs for qualitative comparison.  
The graphs show output pulse energy versus pump pulse energy for different output coupler 
transmissions TOC.  The numerical simulations agree well with the experimental data, showing the 
same increasing trend in slope efficiency for higher transmission output couplers and good similarity 
of absolute laser pulse energies. The laser thresholds observed experimentally for 50at.% Er:YSGG 
were somewhat higher than those obtained theoretically (for example 20mJ experimentally 
compared with 8mJ theoretically for TOC=1% output coupling), but the simulations correctly predict 
lower laser thresholds from the 50at.% Er:YSGG system than for 50at.% Er:YAG (shown in figure 7.8).   
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Figure 7.7: Energy curves for different output coupler transmissions for 50at.%Er:YSGG laser with (a) showing 
numerical simulations and (b) showing the experimental results presented in Chapter 5 for comparison. 
 
Figure 7.8 shows the numerical simulations (figure 7.8(a)) and experimental results (figure 7.8(b)) for 
the compact, free-running 50at.% Er:YAG laser.  As in figure 7.7, the graphs show output pulse 
energy versus pump pulse energy for different output coupler transmissions TOC.  In these results it is 
correctly predicted that the best laser performance is achieved with TOC=2%.  The predicted 
maximum laser pulse energies of 29mJ and 12.9% slope efficiency for this output coupler match very 
well with experimental values of 31mJ and 12.6%.   
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Figure 7.8: Energy curves for different output coupler transmissions for 50at.%Er:YAG laser with (a) showing 
numerical simulations and (b) showing the experimental results presented in Chapter 5 for comparison. 
 
The numerical data also agrees well with experimental output obtained with TOC=1%, where a 
theoretical slope efficiency and threshold of 8.7% and ~80mJ match well with the experimental 
values of 7.1% and ~75mJ.  However, for TOC=8% the predicted slope efficiency and threshold are 
both higher than those obtained experimentally.  This could be due to thermal issues, which were 
not accounted for in the theoretical model.   
 
7.4.5 Numerical modelling of Q-switched Er:YSGG and Er:YAG lasers 
 
Q-switched operation is simulated by introducing a time dependent loss to the rate equation system 
to inhibit lasing during the period over which it acts.  The time duration used was 400μs, chosen to 
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replicate the interval when the voltage is applied across the LiNbO3 crystal in the experiments.  After 
this 400μs period, the loss is instantaneously switched off allowing a Q-switched pulse to be 
generated.  In the experiments in chapter 6, the 50at.% Er:YSGG laser was Q-switched in two 
extended cavity designs.  The first employed a concave mirror with radius of curvature R=25cm to 
extend the cavity, resulting in a cavity length of ~30cm and a resonator roundtrip time of TR~2ns.  
The second design used a VCL of focal length f=10cm to extend the cavity to a length of ~15cm giving 
a resonator roundtrip time of TR~1ns.   
Figure 7.9(a) shows a simulated Q-switched pulse from the 50at.% Er:YSGG laser generated using the 
parameters shown in table 7.2 with the extended resonator roundtrip time of 2ns.  Figure 7.9(b) 
shows the experimental Q-switched pulse from the 966nm diode pumped 50at.% Er:YSGG laser 
which employed the R=25cm concave mirror for cavity extension.  The output coupling transmission 
used in the simulation was TOC=8% reflecting that used experimentally. 
152 
 
 
Figure 7.9: (a) Numerical and (b) experimental Q-switched pulses from 50at.% Er:YSGG laser with TOC=8%  and 
TR=2ns.  
 
Both the simulated and experimental Q-switched pulse shapes show significant asymmetry.  This 
feature is typical in active Q-switching, and is caused by the presence of a high initial inversion level 
[128].  In this case the leading edge of the pulse builds rapidly, with a growth rate exceeding the 
cavity decay rate.  However, once the peak of the pulse is passed the intensity can only decay with a 
rate which is at most the empty cavity decay rate [128].  This leads to the fast rising edge and slower 
trailing edge.  The energy and duration of the simulated and experimental Q-switched pulses are 
summarized in table 7.3.  The simulated Q-switched pulse had both higher pulse energy (900μJ 
versus 500μJ) and shorter pulse duration (20ns versus 113ns) than the experimental pulse.  Q-
switching of the system in which a VCL of focal length f=10cm was used for cavity extension was also 
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simulated using a resonator roundtrip time for TR~1ns to better fit the shorter cavity length in this 
design.   
 
Table 7.3: Comparison of experimental and numerical simulation Q-switching results for 50at.% Er:YSGG with 
TOC=8% and TR=1ns and 2ns. 
TR (ns) Pulse Energy (μJ) 
(experiment) 
Pulse Energy (μJ) 
(simulation) 
Pulse Duration (ns) 
(experiment) 
Pulse Duration (ns) 
(simulation) 
1 500 902 77 10 
2 500 900 113 20 
 
The energy and duration of these simulated and experimental Q-switched pulses are presented in 
table 7.3 also.  As expected, changing the resonator roundtrip time affected the Q-switched pulse 
duration but not the pulse energy.  The pulse energy remained unchanged in the experiments and 
the simulations, but the pulse duration decreased in both cases.  As with TR~2ns, the simulated pulse 
durations were shorter than their experimental counterparts (10ns versus 77ns).  
For the 50at.% Er:YAG laser, using TOC= 8% output coupling in the simulations resulted in no Q-
switched output as the system was below threshold.  Therefore to compare Q-switched output of 
the Er:YSGG and Er:YAG lasers, an output coupling transmission of TOC= 1% was employed in the 
simulation.  Figure 7.10 shows the simulated Q-switched pulses from the 50at.% Er:YSGG laser (blue 
line) and 50at.% Er:YAG laser (red line) using the parameters shown in table 7.2 with the extended 
resonator roundtrip time of 2ns and output coupling transmission of TOC=1%.  
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Figure 7.10: Numerical simulation of Q-switched pulses for 50at.% Er:YSGG (blue) and 50at.% Er:YAG (red) 
systems with TOC = 1%. 
 
The Q-switched pulse energies and durations are summarised in table 7.4.  These simulations predict 
that the 50at.% Er:YSGG laser delivers superior Q-switching performance.  The simulated pulse 
energy of 309μJ for 50at.% Er:YSGG is significantly higher than the 114μJ for 50at.% Er:YAG.  The 
pulse duration for the simulated 50at.% Er:YSGG pulse is almost four times shorter than for 50at.% 
Er:YAG (42ns versus 163ns).   
 
Table 7.4: Comparison of pulse energy and pulse duration from the simulated  
Q-switched Er:YSGG and Er:YAG lasers with TOC=1%. 
Laser Crystal Pulse Energy (μJ) Pulse Duration (ns) 
Er:YSGG 309 42 
Er:YAG 114 163 
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7.5 Conclusion 
 
Numerical simulations of the erbium laser system were presented in this chapter where some 
general trends and conclusions were made about the effects of ETU processes in highly doped solid 
state lasers with long terminal level lifetimes.  It was shown that increased ETU from the lower laser 
level, W11, enhances free running laser performance but has little effect on steady state level N2 
reaches, and therefore little effect on energy storage potential for Q-switching.  With no ETU from 
the lower laser level (W11=0, q=0) the transition was seen to be self terminating owing to build up of 
population in the lower laser level N1.  It was also observed that increased ETU from the upper laser 
level, W22, decreases the steady state level that the population of the upper laser level N2 reaches 
and hence may affect energy storage capability and Q-switched performance.  
Numerical modelling of the free running 50at.% Er:YSGG and 50at.% Er:YAG lasers developed in 
chapter 5 was undertaken.  The results showed good qualitative agreement to the experiments, with 
the general trends produced by varying output coupler transmission (TOC) on the experimental laser 
output mirrored in the simulations.  The Q-switched 50at.% Er:YSGG laser was simulated using two 
different resonator roundtrip times (TR=1ns and TR=2ns) to represent the two extended cavity 
designs investigated in chapter 6.  The simulations generated Q-switched pulses with higher energies 
and shorter pulse durations than the experimental results in both cases.  Q-switching simulations of 
the 50at.% Er:YAG laser were also carried out.  For TOC=8% output coupling (as used in the 50at.% 
Er:YSGG experiments), no Q-switched output was generated as the system was below threshold.  For 
TOC=1%, the simulations did produce Q-switched output but with lower pulse energy and longer 
pulse duration than for the equivalent simulated 50at.% Er:YSGG pulse.  These results point to the 
possible superiority of the Er:YSGG material for Q-switching, as well as in free-running mode as seen 
in the experiments and simulations.     
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Chapter 8 
 
8. Conclusions 
 
The central aim of this work was to develop pulsed diode pumped solid state laser sources based on 
the trivalent rare earth ions Nd3+ and Er3+.  The experimental work presented included the 
implementation of a novel pulse control technique in an acousto-optic (AO) Q-switched Nd:YVO4 
laser at 1μm, a comparison of two diode pumped erbium doped lasers operating at the 3μm 
transition for free-running operation and an investigation of various Er:YSGG laser systems including 
in Q-switched mode.  Numerical modelling of all these lasers was also presented.  In this chapter the 
work in this thesis is summarized and the main results achieved are highlighted. 
The thesis began with an introduction to diode pumped solid state (DPSS) lasers in chapter 1, where 
the numerous possible laser hosts and dopants were detailed.  DPSS laser geometries were then 
discussed, including a brief description of the bounce amplifier geometry on which the lasers 
constructed in this work were based.  This chapter ended on a review of techniques to obtain pulsed 
laser operation with particular emphasis on active Q-switching, the method used for pulsing of both 
the Nd3+ and Er3+ -doped lasers.  The second chapter gave a more detailed overview of the bounce 
amplifier geometry and some of the issues associated with it including heat generation in the laser 
crystal, thermal lensing and laser resonator stability.  Experimental results from an efficient Nd:YVO4 
bounce geometry laser utilising a compact resonator design were presented to demonstrate the 
effectiveness of the configuration.  A maximum CW output power of 28W was obtained for 50W of 
pump power giving a slope efficiency of ηs=63%.  The spatial output was TEM00 in the vertical but 
multimode in the horizontal.  An asymmetric resonator configuration was implemented to attempt 
to match the fundamental mode size to the size of the gain region at a given pump power, allowing 
full extraction by this mode and suppressing higher order transverse modes.  Although some success 
was seen using this method, further improvement of the spatial output was undertaken in chapter 3. 
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8.1 Laser pulse control experiment 
 
In chapter 3 a technique for obtaining enhanced control of pulsing parameters from a Q-switched 
laser through use of a secondary laser cavity was presented and implemented in a diode pumped 
1.1%Nd:YVO4 bounce geometry laser.  The aim was to address the difficulty in obtaining clean single 
pulse operation at both very high and low repetition rates in a high gain Q-switched laser.  The need 
for better control of pulsing parameters and the potential application for this technology in 
industrial manufacturing were also described.   
The proposed pulse control technique was described in some detail.  This method utilised a 
secondary laser cavity constructed around a laser crystal which was also acting as the gain medium 
for a primary Q-switched laser cavity with high gain.  The secondary cavity laser mode overlapped 
the gain region of the primary cavity but had a larger internal bounce (TIR) angle.  When the 
secondary cavity reached threshold, it clamped the gain to its threshold level and the primary cavity 
could then similarly not exceed this level.  With careful control of the secondary cavity threshold, the 
gain could be clamped to a level below Q-switch hold off.  This allowed the primary cavity to be 
operated at low repetition rates without the gain building to an uncontrollably high level for the Q-
switch.  The experimental results from implementation of this technique in an acousto-optic (AO) Q-
switched 1.1%Nd:YVO4 laser using the bounce amplifier were presented.  Pulsed operation of the 
primary cavity was obtained through active Q-switching using an acousto-optic (AO) element for loss 
modulation.  Before implementation of the secondary laser cavity, this system delivered clean, single 
pulse Q-switched operation from 800kHz down to 150kHz.  Below 150kHz single pulses were no 
longer obtained due to the unwanted laser breakthrough which occurred before Q-switching.  These 
results demonstrated the difficulty that the pulse control technique would target.  To implement the 
pulse control technique the secondary laser cavity was constructed.  This enabled clean single pulse 
Q-switched operation across the entire repetition rate range of 1kHz to 800kHz.  The pulse energy 
and pulse duration of the Q-switched pulses ranged from 20μJ and 50ns at 800kHz, to 100μJ and 
17ns at 1kHz.  Below 80kHz there was evidence of pulse energy and pulse duration clamping 
consistent with the expected result of clamping of the primary cavity gain.  The total output power 
from the primary and secondary cavities (P1+P2) stayed almost constant across the repetition rate 
range.  This near uniform extraction meant a more consistent temperature distribution and less 
variation in thermal lensing was experienced across repetition rates.  This was beneficial as it 
resulted in the spatial quality of the primary cavity output remaining constant across all repetition 
rates, with TEM00 operation throughout.  The secondary cavity spatial output was good in the 
vertical but multimode in the horizontal with the cavity mode oscillating mainly in the wings at high 
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repetition rates and filling out in the centre at low repetition rates.  The temporal output from the 
secondary cavity was also investigated and temporal traces showed the secondary cavity reaching 
threshold, undergoing a number of relaxation oscillations before the primary cavity Q-switched 
pulse ceased output from the secondary cavity.  Pulse energy control was also achieved by adjusting 
the threshold of the secondary cavity.  This allowed the pulse energy or Q-switched pulses from the 
primary cavity to be varied from 91μJ to 77μJ to 67μJ at a repetition rate of 100kHz.  Numerical 
modelling of the pulse control set-up with the primary and secondary laser cavities was undertaken 
and good qualitative agreement between the simulations and experiment was observed.   
 
8.2 Comparison of free-running Er:YSGG and Er:YAG lasers 
 
Chapter 4 introduced the erbium laser work which formed the topic of the remainder of the thesis.  
Some motivation behind the development of mid-IR lasers and the erbium laser in particular was 
discussed, with an overview of mid-IR laser technology presented.  A particular application for 3μm 
lasers was singled out as being of interest in this work.  This was as a pump source for optical 
parametric generation which can produce continuously tunable mid-IR radiation.  The goal of 
developing a diode pumped erbium laser at a wavelength ~3μm to be used as the pump source 
for an optical parametric oscillator (OPO) based on the ZGP material was discussed.  The theory 
underpinning the erbium doped laser was presented and various properties considered important 
for the construction of an efficient laser were compared for the two erbium laser materials 
investigated in this work.   
Chapter 5 was the first of two experimental chapters on the 3μm erbium laser. A comparative study 
of two Er3+-doped laser crystals, 50at.% Er:YSGG and 50at.% Er:YAG, operating at the 3μm transition 
was presented.  The two laser systems were constructed in the bounce geometry with quasi 
continuous wave (QCW) diode pumping at ~966nm exciting directly to the 3μm upper laser level.  
Both laser crystals were transversely cooled with heat removed via the large top and bottom faces of 
the slabs via water cooling.  Free-running laser results were obtained from both compact cavity 
systems for a range of different output coupler transmissions (TOC=1, 2, 8, 13%), using pump pulse 
durations of 1.15ms and pump pulse repetition rates of 14Hz throughout.  The best performance 
was obtained from the 50at.% Er:YSGG laser which delivered the highest pulse energies, highest 
slope efficiencies and lowest pump thresholds of the two erbium lasers.  The most efficient 
performance was obtained with the output coupler with the highest transmission, TOC =13%.  This 
gave pulse energies ~55mJ at maximum pump pulse energies of 331mJ and a slope efficiency of 
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20.5%.  The spatial output from the 50at.% Er:YSGG laser was very good in the vertical (My
2  ~1.5) 
but multimode in the horizontal (Mx
2 ~9).  The Er:YAG laser showed less efficient performance than 
Er:YSGG.  The best results were obtained with TOC=2% output coupling, where output pulse energies 
~31mJ were achieved at maximum pumping with a slope efficiency of 12.6%.  In addition, 
significantly higher laser thresholds were observed from this laser compared to in Er:YSGG.  As with 
Er:YSGG, the  laser output was TEM00 in the vertical (My
2 ~1) and multimode in the horizontal 
(Mx
2 ~5).   
The spectral output from the 50at.% Er:YSGG and 50at.% Er:YAG lasers was measured using a 
one-metre grating spectrometer (Hilger and Watts Monospek 1000).  The 50at.% Er:YSGG laser 
output contained a single wavelength of 2797nm throughout the laser output.  Four wavelengths 
were detected from 50.at% Er:YAG; λ1 = 2.699μm, λ2 = 2.803μm, λ3 = 2.830μm and λ4 = 2.936μm.  
The laser output scanned through these wavelengths in time from λ1 to λ2/λ3 (which lased 
simultaneously), before settling on λ4 which contained the majority of the laser pulse energy.  This 
corresponded to a red-shifting of the laser wavelength and a move to transitions with more 
favourable Boltzmann coefficient ratios, as reported before by other groups working on this 
material.  Diode pumping at 973nm using a 3 bar stack was implemented for the 50at.% Er:YSGG and 
50at.% Er:YAG lasers.  The 3-bar stack allowed higher pump energies of ~450mJ to be reached, but 
with the disadvantage of the wavelength (973nm) not being optimum for absorption.  This proved 
less efficient in both cases with a fall in the maximum output pulse energies achieved from both 
Er:YSGG and Er:YAG and a decrease in efficiency. 
 
8.3 Q-switching of the Er:YSGG laser  
 
In chapter 6 further development and investigation of the Er:YSGG laser was undertaken with the 
ultimate goal of obtaining Q-switched operation at 3μm.   
The chapter began with the presentation of a 38at.% Er:YSGG laser which utilised face-cooling of the 
laser crystal.  The aim of this set-up was to improve the thermal performance of the laser by 
removing heat directly from the area of greatest heating, i.e. the pump face.  This was done using a 
high thermal conductivity sapphire block contacted to the pump face of the laser slab, both of which 
were sat on a water cooled copper block.  A compact bounce geometry laser cavity was constructed 
using the face-cooled 38at.% Er:YSGG laser crystal with dual diode pumping at 966nm.  With pump 
pulse repetition rates of 14Hz and pump pulse durations of 1.15ms, the face-cooled 38at.% Er:YSGG 
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laser performed less efficiently than the transversely cooled 50at.% Er:YSGG laser presented in 
chapter 5.  However, the face-cooled configuration showed improved thermal performance and 
allowed higher repetition rates to be implemented without affecting the laser pulse energy.  With 
the improved thermal characteristics, the laser could be operated at higher duty cycles than with 
transverse cooling without experiencing thermal roll-over.  This enabled an average output power 
~2W to be obtained from ~20W pumping with pump pulse durations of 0.5ms and 1ms, coupled 
with pump pulse repetition rates of 140Hz and 70Hz respectively (7% duty cycle).  Furthermore, no 
thermal roll-over was observed in the output power, suggesting that further power scaling would be 
possible and the result was only limited by pump power available at the time.   
For implementation of electro-optic Q-switching two extended cavity designs were implemented to 
allow the Q-switching system to be incorporated into the resonator.  The first extended cavity design 
used a concave mirror (HR at ~3μm) with a radius of curvature R=25cm to extend the compact 
Er:YSGG laser cavity to a length ~30cm.  Q-switching of the 50at.% Er:YSGG laser with dual diode 
pumping at 966nm yielded Q-switched pulses of 0.5mJ with FWHM pulse durations of 113ns and an 
asymmetric pulse shape.  Q-switched pulses were also obtained from the face-cooled 38at.% 
Er:YSGG laser with dual diode pumping at 966nm which gave lower Q-switched pulse energies of 
0.36mJ and longer pulse durations of 135ns (FWHM).  The second extended cavity configuration 
utilised a vertical cylindrical lens (VCL) with a focal length f=10cm in conjunction with an HR mirror to 
extend the cavity to a length ~15cm.  This set-up was desirable as it kept the footprint of the laser 
fairly compact and the shorter cavity gave potential for shorter duration Q-switched pulses.  
Implementation of this design in the transversely cooled 50at.% Er:YSGG laser under 966nm dual 
diode pumping resulted in Q-switched pulse energies of 0.5mJ with FWHM pulse durations of 77ns.   
 
8.4 Numerical modelling of lasers with strong energy transfer processes 
 
In the final chapter of this thesis, numerical modelling was undertaken to gain deeper insight into 
the role of energy transfer processes in laser systems, with special focus given to the energy storage 
potential of these systems for Q-switching.  The simulations were based on a coupled two level rate 
equation system which included an ETU process from the upper laser level and an ETU process from 
the lower laser level of the laser transition.  From these simulations it was shown that ETU from the 
lower laser level enables CW laser operation on a transition which would otherwise be self-
terminating due to the long lifetime of the lower laser level.  The ETU process originating from the 
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upper laser level was shown to decrease the upper laser level population reached, with potential 
consequences for energy storage capability and Q-switched performance.   
 
Numerical modelling of the free-running 50at.% Er:YSGG and 50at.% Er:YAG lasers presented in 
chapter 5 was also presented. The simulations showed good qualitative agreement with the 
experimental data, showing the same increasing trend in slope efficiency for higher transmission 
output couplers and good similarity of absolute laser pulse energies.  Q-switching of the 50at.% 
Er:YSGG laser was simulated using two different resonator roundtrip times (TR=1ns and TR=2ns) to 
represent the two extended cavity designs investigated in chapter 6.  The simulated Q-switched 
pulses had both higher pulse energy (900μJ versus 500μJ) and shorter pulse duration (20ns versus 
113ns) than the experimental pulses.  Q-switching simulations of the 50at.% Er:YAG laser were 
carried out using TOC=1%  (as threshold was not reached with TOC=8%) and simulations of the 50at.% 
Er:YSGG laser were undertaken with this output coupling transmission for comparison.  For this case 
the simulated Er:YAG Q-switched pulses had lower pulse energy and longer pulse duration than for 
the equivalent simulated 50at.% Er:YSGG pulses.  These results all point to Er:YSGG being a superior 
candidate for Q-switching and free-running operation, as seen in the experiments.   
 
8.5 Future work   
 
The work presented in this thesis opens up many potential avenues for further investigation.  The 
implementation of the novel pulse control technique (chapter 3) demonstrated some of the 
fundamental concepts involved.  However, there are still many routes to explore in terms of 
improving the experimental set-up described in this work and exploring other potential 
implementations of the pulse control technique in a laser system.  One possibility for enhancing the 
set-up presented in chapter 3 would be to provide the secondary cavity with its own modulation 
element.  This would allow the secondary cavity loss to be adjusted in a more controlled way, 
potentially assisting in the control of the primary cavity pulsing.  An alternative realisation of the 
pulse control technique could use a different method of separating the primary and secondary laser 
cavity modes.  For example, instead of using angular separation of the laser modes, polarisation or 
frequency separation could be implemented.  In these scenarios the secondary cavity laser mode 
would overlap the primary cavity laser mode fully in the gain medium which would likely assist in the 
pulse control.    
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An obvious route for expansion of the erbium laser work would be to investigate alternative Er3+-
doped crystals.  Other potential Er3+-doped crystals which have already had some success in 3μm 
laser set-ups and would be worth examining are Er:YLF, Er:GGG and Er:GSGG [81, 85, 117].  It would 
be interesting to investigate the effect of doping concentration on the laser performance of these 
crystals, especially in Q-switched mode where the ETU processes may not be as beneficial as they 
are for free-running operation.  An alternative method of Q-switching the erbium laser could also be 
investigated.  The electro-optic LiNbO3 crystal used for Q-switching of the erbium laser in chapter 6 
had a large insertion loss which limited the energy available to the Q-switched pulses.  Mechanical 
Q-switching using a rotating mirror may introduce fewer losses to the system and provide some 
improvement in Q-switched pulse energy.   
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